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PREFACE 


THIS  volume  is  intended  to  serve  as  a  correlative  text  for  the  teaching 
of  carbohydrate  metabolism  to  students  of  physiology,  biochemistry, 
and  medicine.  If  the  authors  have  succeeded  in  their  endeavor,  they 
will  have  satisfied  a  hitherto  unmet  need  in  this  field.  The  various  aspects  of 
carbohydrate  metabolism  usually  have  been  taught  as  separate  subjects  by  the 
different  departments  of  universities  and  medical  schools.  This  can  hardly  be 
avoided  under  the  present  system  of  teaching  organization;  but  the  arrangement 
has  obvious  disadvantages.  Not  uncommonly  the  net  result  for  the  student  is  a 
disjointed,  incomplete,  and  often  contradictory  presentation  of  the  subject  as  a 
whole.  It  is  the  hope  of  the  authors  that  the  use  of  this  text  as  a  common  meeting 
ground  by  the  appropriate  departments  of  the  same  institution  will  be  of  help 
to  both  student  and  teacher. 

A  fortunate  corollary  of  this  integration  of  the  subject  is  that  it  should  make 
the  volume  useful  to  the  practicing  physician  who  seeks  to  keep  abreast  of  the 
fundamentals  upon  which  his  clinical  applications  are  based.  The  material  is  not 
otherwise  available  except  in  an  extensive  and  highly  technical  periodical  litera¬ 
ture,  with  which  he  cannot  be  expected  to  cope  directly.  This  applies  particularly 
to  the  newer  knowledge  of  tissue-enzyme  chemistry  and  to  the  pathological 
physiology  of  diabetes,  a  subject  which  has  undergone  a  revolutionary  develop¬ 
ment  within  the  past  few  decades. 

Despite  its  title,  this  volume  also  deals  in  considerable  detail  with  certain  as- 
aspects  of  protein  and  fat  metabolism.  This  is  mentioned  to  emphasize  the  in- 
creasingly  obvious  fact  that  the  traditional  didactic  separation  between  the 
metabolisms  of  the  three  chief  foodstuffs  is  largely  artificial.  Those  restrictions 
which  the  present  authors  have  placed  on  the  scope  of  the  subject  matter  de¬ 
pend  more  upon  their  own  limitations  than  upon  any  real  division  of  the  ma- 


nW  Vhr  T  fVu'  hundred  references  cited  by  no  means  represent  a  com¬ 
plete  bibliography  of  the  subject.  They  have  been  carefully  selected  as  original 

urces  of  crucial  experimental  facts  or  because  they  review  certain  aspects  of  the 
subject  ,n  greater  detail  than  is  feasible  in  this  text  or  because  they  contain  u  efu 
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PART  I 

THE  BIOCHEMISTRY  AND  ENERGETICS  OF 
CARBOHYDRATE  METABOLISM 


CHAPTER  I 

THE  IMPORTANCE  OF  CARBOHYDRATES  IN  NUTRITION 


THE  importance  of  carbohydrates  in  human  nutrition  has  varied  greatly 
at  different  times  and  in  different  parts  of  the  world.  Grains,  fruits,  and 
vegetables  are  the  natural  foods  which  are  high  in  carbohydrate  content. 
Meat,  fish,  and  dairy  products  are  relatively  poor  in  this  constituent.  Before  the 
development  of  the  modern  food  processing  and  distributing  industry  (and,  at  the 
present  time,  in  those  parts  of  the  world  which  have  not  undergone  this  develop¬ 
ment)  the  proportion  of  carbohydrate  in  the  diet  of  any  region  was  largely  gov¬ 
erned  by  the  local  flora  and  fauna.  Thus,  even  now  the  proportionate  intake  of 
carbohydrate  is  high  in  tropical  countries,  where  vegetation  is  luxurious  and 
where  the  climate  leads  to  rapid  spoilage  of  meat  products.  For  the  obverse  reasons, 
the  inhabitants  of  the  Far  North  have  always  lived  on  a  diet  which  consists  chiefly 
of  meat  and  fish.  Adequate  nutrition  is  possible  at  both  extremes  of  this  range  of 
dietary  variation,  provided  that  the  need  for  calories,  essential  food  factors,  vita¬ 
mins,  and  minerals  is  met  (i,  2,  3,  4). 


Although  there  has  been  some  change  during  the  last  fifty  years  in  the  food 
sources  from  which  the  carbohydrates  are  derived,  the  proportion  of  carbohydrate 
in  the  dietary  of  the  United  States  has  remained  at  about  50-60  per  cent  of  the 
total  caloric  intake.  Since  certain  foods  which  are  high  in  carbohydrate  content 
are  relatively  inexpensive,  the  proportion  of  carbohydrate  in  the  diet  has  been 
greater  at  lower  economic  levels  than  in  the  more  prosperous  groups  of  the  popu¬ 
lation.  However,  the  poorer  nutritional  status  of  the  lowest-income  groups  is  not 
so  much  a  reflection  of  their  high  carbohydrate  intake  as  it  is  a  result  of  the  par¬ 
ticular  foods  from  which  they  derive  their  carbohydrates.  The  highly  refined  grains 
and  sugars,  which  have  been  commercially  developed  largely  because  of  their  re¬ 
sistance  to  spoilage,  are  the  cheapest  sources  of  calories  generally  available.  But 
they  have  come, dentally  been  deprived  of  most  of  the  protective  elements  with 
wh  ch  they  are  naturally  associated,  so  that  a  casually  selected  high  carbohydrate 
d,et  is  hkely  to  be  poor  in  the  essential  amino  acids,  vitamins,  and  minerals  (0 


THE  CARBOHYDRATES  IN  FOOD 


The  particular  carbohydrates  present  in  the  ordinary  American  diet  the  fee  i 
sources  from  which  these  carbohydrates  are  derived  and  ThTauTtit  t h, 
tance  of  each  carbohydrate  in  the  total  intake  are  ^in  Table  , 
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TABLE  1 

Types  and  Sources  of  Carbohydrates  in  the  American  Dietary  (6) 
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Calculated  from  the  average  dietary  of  the  middle-income  group  in  the  United  States. 
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CARBOHYDRATE  METABOLISM 


THE  DIGESTION  OF  CARBOHYDRATES  (7) 

The  digestion  of  carbohydrates  starts  in  the  oral  cavity.  Here  the  secretion  of 
the  parotid  gland,  which  contains  an  amylase  called  “ptyalin,”  is  mixed  with  the 
food  and  begins  the  conversion  of  starch,  glycogen,  and  the  dextrins  into  maltose. 
This  digestion  continues  in  the  stomach  until  the  hydrochloric  acid  which  is  se¬ 
creted  there  destroys  the  amylase  activity  and  substitutes  acid  hydrolysis  for 
enzymatic  splitting.  If  continued  long  enough,  the  acid  hydrolysis  can  reduce  all 
the  digestible  carbohydrates  to  the  monosaccharide  stage.  However,  the  stomach 
usually  empties  itself  before  this  can  occur,  and  the  digestion  of  carbohydrate  is 
taken  up  by  the  enzymes  of  the  small  intestine,  operating  in  the  more  alkaline 
medium  which  prevails  there.  The  enzymes  in  the  small  intestine  are:  an  amylase 
secreted  by  the  pancreas;  and  an  amylase,  a  maltase,  an  invertase,  and  a  lactase 
secreted  by  the  wall  of  the  small  bowel.  All  these  enzymes  are  capable  of  splitting 
the  particular  sugars  which  they  attack  to  the  monosaccharide  stage. 

We  have  accounted  for  the  digestion  of  starch,  glycogen,  the  dextrins,  and  the 
disaccharides.  Those  sugars  which  are  ingested  in  the  form  of  monosaccharides  do 
not  require  digestion.  All  the  remaining  carbohydrates  pass  through  the  stomach 
and  small  intestine  unchanged.  In  the  large  bowel  they  are  subjected  to  the  enzy¬ 
matic  influence  of  the  profuse  bacterial  flora  which  is  normal  there,  and  they  may 
be  broken  down  to  monosaccharides  to  some  extent.  It  is  possible  that  minor 
amounts  of  carbohydrate  are  made  available  in  this  manner  for  absorption  into  the 
blood  stream  (see  Fig.  i). 

THE  ABSORPTION  OF  CARBOHYDRATES 

The  monosaccharides,  ingested  as  such  or  arising  from  the  digestion  of  carbo¬ 
hydrates,  are  practically  completely  absorbed  in  the  small  intestine.  Small 
amounts  may  be  absorbed  from  the  stomach.  It  is  also  possible  to  show  that, 
when  solutions  of  monosaccharides  are  introduced  into  the  large  bowel  for  experi¬ 
mental  or  therapeutic  purposes,  some  sugar  can  be  absorbed  from  this  portion  of 
the  gastro-intestinal  tract  (8,  9). 

Two  types  of  absorption  occur  in  the  small  intestine:  (a)  a  specific  absorption 
of  particular  monosaccharides,  probably  involving  a  phosphorylation  process, 
and  (b)  a  non-specific  absorption  of  all  monosaccharides,  by  diffusion  resulting 
from  osmotic  forces  across  the  mucous  membrane  (10,  11).  Glucose,  fructose,  and 
galactose  are  absorbed  by  both  processes.  Consequently,  the  absorption  of  these 
sugars  differs  in  two  respects  from  that  of  those  sugars  that  are  absorbed  by  dif¬ 
fusion  alone:  they  are  absorbed  more  rapidly,  and  their  rates  of  absorption  are 
largely  independent  of  their  concentrations  in  the  intestine  (12).  The  explanation 
for  the  greater  efficiency  of  specific  absorption  is  apparently  the  coupling  of  t  e 
monosaccharide  with  phosphate  as  soon  as  it  diffuses  into  the  wall  of  the  intestine. 
This  phosphorylation  is  a  rapid  process,  so  that  the  gradient  of  the  concentration 


Carbohydrates  Starch  Dextrins 

in  foods:  Glycogen  Maltose  Glucose  Sucrose  Lactose  Fructose  Galactose  Pentoses  Celluloses 
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of  free  sugar  between  the  lumen  and  the  wall  of  the  gut  is  much  steeper  than  when 
absorption  proceeds  by  diffusion  alone. 

The  actual  rates  of  absorption  of  the  three  monosaccharides  which  are  phos- 
phorylated  vary  rather  widely,  though  all  are  much  higher  than  the  absorption 
rates  of  such  monosaccharides  as  mannose  or  the  pentoses,  which  are  handled 
by  diffusion.  Thus  it  has  been  shown  in  rats  that,  if  the  rate  for  glucose  is  repre¬ 
sented  as  ioo,  that  for  galactose  would  be  no,  for  fructose  43,  and  for  mannose 
and  the  pentoses  only  9  (13).  There  are  few  reliable  data  on  the  absolute  rates 
at  which  the  various  monosaccharides  can  be  absorbed  from  the  gastro-intestinal 
tract  of  the  human  being  under  normal  circumstances.  The  best  available  evidence 
from  the  work  of  Groen  (14)  indicates  that  the  rate  of  absorption  of  glucose  from 
a  50-cm.  length  of  jejunum  (small  intestine)  is  about  8.0  gm.  per  hour;  that  for 
galactose,  about  9.5  gm.  per  hour;  and  that  for  fructose,  about  5  gm.  per  hour. 
These  rates  are  for  concentrations  of  sugar  of  10  per  cent  and  above.  Below  10  per 
cent  the  rate  of  absorption  varies  directly  with  the  concentration. 


From  the  practical  standpoint  the  figures  quoted  above  may  have  little  re¬ 
lationship  to  the  rate  at  which  a  monosaccharide  enters  the  blood  stream,  wheth¬ 
er  eaten  as  such  or  arising  from  the  processes  of  digestion  under  the  usual  con¬ 
ditions  of  feeding.  Under  the  latter  circumstances  the  time  which  elapses  be¬ 
fore  it  is  absorbed  from  the  gastro-intestinal  tract  will  be  governed  largely  by 
(a)  the  rate  at  which  it  enters  the  small  intestine  and  ( b )  the  mixture  of  foods  in 
the  small  intestine  at  the  time  of  absorption.  The  rate  at  which  the  sugar  ar¬ 
rives  at  the  small  intestine  depends  largely  on  the  motility  of  the  stomach  and 
the  control  of  the  pyloric  sphincter,  which  can  be  affected  by  such  various  phe¬ 
nomena  as  hunger,  emotion,  local  irritation  (including  condiments),  and  the  com¬ 
position  and  consistency  of  the  food  mass  after  mastication  (15).  The  food  mix¬ 
ture  in  the  small  intestine  affects  the  rate  of  absorption  by  competition  of  the 
various  constituents  in  the  mixture  for  the  absorbing  surface  of  the  mucosa  and, 
in  the  case  of  those  monosaccharides  which  are  specifically  absorbed,  by  competi¬ 
tion  for  the  available  phosphorylating  capacity  (15). 

Other  factors  which  influence  the  amount  of  carbohydrate  absorbed  in  a  given 
individual  at  a  particular  time  are:  (a)  the  normality  of  the  mucous  membrane 
of  the  small  intestine  and  the  length  of  time  during  which  the  carbohydrate  is  in 
contact  with  it;  ( b )  endocrine  function,  particularly  that  of  the  anterior  pituitary 
TnToI)  the  thvroid  (17),  and  the  adrenal  cortex  (18);  and  (c)  the  adequacy  of 
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normal,  an  excessive  rate  of  movement  of  the  carbohydrate  along  the  gastroin¬ 
testinal  tract,  accompanying  diarrheas  of  various  origins,  may  hurry  a  portion  of 
the  ingested  carbohydrate  into  the  large  bowel  before  it  can  be  absorbed. 

Normal  absorption  of  carbohydrate  does  not  occur  in  the  presence  of  an  anterior 
pituitary  deficiency.  This  probably  depends,  for  the  most  part,  upon  the  secondary 
hypofunction  of  the  thyroid  gland,  for  the  same  result  may  be  obtained  after  re¬ 
moval  of  the  thyroid  gland  when  the  hypophysis  is  intact.  Furthermore,  the  de¬ 
fect  in  absorption  accompanying  hypopituitarism  may  be  relieved  by  the  adminis¬ 
tration  of  thyroid  extract  (16).  Indeed,  Althausen  and  co-workers  (17,  23)  have 
attempted  to  make  use  of  this  phenomenon  as  a  clinical  test  of  the  state  of  ac¬ 
tivity  of  the  thyroid  gland.  They  administer  a  standard  amount  of  galactose  by 
mouth,  follow  the  rise  of  galactose  concentration  in  the  blood,  and  use  the  rate 
of  the  latter  as  a  criterion  of  thyroid  function. 

The  adrenal  cortex  influences  carbohydrate  absorption  through  its  regulation 
of  the  sodium  chloride  (NaCl)  exchange  in  the  body.  The  absorption  of  carbohy¬ 
drate  from  the  intestine  is  subnormal  in  adrenal  cortical  deficiency  but  can  be 
restored  to  normal  without  the  use  of  adrenal  cortical  extracts  if  the  NaCl  of  the 
blood  is  raised  to  normal  levels  by  adequate  salt  intake  (18). 

Insulin,  which  has  such  an  important  influence  on  other  aspects  of  carbohydrate 
metabolism,  is  without  apparent  effect  upon  the  absorptive  capacity  of  the  in¬ 
testinal  mucous  membrane. 

Deficiency  of  the  B  complex  is  associated  with  diminished  absorption  of  the 
hexoses  (19).  Recent  work  on  this  subject  has  been  concerned  with  the  separate 
effects  of  the  various  pure  components  of  the  complex.  Thiamine,  pantothenic 
acid,  and  pyridoxine  affect  absorption.  Riboflavin  is  without  action  (20,  21). 


THE  DISTRIBUTION  OF  CARBOHYDRATE  IN  THE  BODY:  ITS  FUNCTIONS  AND  USES 

.  In  order  to  understand  the  distribution  of  carbohydrate  in  the  body  and  appre¬ 
ciate  its  particular  functions  and  uses,  it  is  necessary  first  to  consider  the  relation 
of  carbohydrate  metabolism  to  that  of  the  other  two  major  foodstuffs. 

Protein  constitutes  75  per  cent  of  the  dry  weight  of  the  soft  tissues  of  the  body 
(24).  n  view  of  the  recent  knowledge  as  to  the  protein  nature  of  the  tissue  en¬ 
zymes,  it  is  a  fair  generalization  to  say  that  the  proteins,  together  with  the  hor¬ 
mones,  vitamins,  and  minerals,  constitute  the  metabolic  machinery  of  the  body 
In  emergencies  a  certain  amount  of  the  protein  machinery  can  be  broken  down 
and  converted  into  fuel.1  However,  the  amount  of  body  protein  which  is  available 
r  this  purpose  at  any  one  time  is  strictly  limited,  as  is  also  the  length  of  survival 

and  replaced  (^The^  °[dux’  being  continuously  broken  down 

means  a  temporary  shift  of  the  dynamic  eaudihrinrn  ^  T.?  h  pr°tem  machinery  for  fuel”  actually 

of  the  emergency,  synthesis  no  longer  keeps  pace  with  b^kdow^^01*  Slde’  S°  that’  f°r  the  duration 
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which  is  possible  when  the  body  has  exhausted  its  fat  stores  and  is  forced  to  de¬ 
pend  upon  endogenous  protein  alone  (26). 

Fat  differs  from  protein  in  that  it  can  be  stored  in  practically  unlimited  quanti¬ 
ties.  It  is  deposited  chiefly  within  layers  of  connective  tissue  and  not  as  an  inte¬ 
gral  part  of  the  working  organs  of  the  body.  When  food  intake  is  inadequate  to 
supply  the  caloric  needs  of  the  organism,  sufficient  fat  is  mobilized  to  make  up 
the  caloric  deficit.  In  this  way  practically  the  entire  fat  stores  of  the  body  can  be 
depleted  without  detriment  to  health.  Whatever  harm  accompanies  extreme  ema¬ 
ciation  can  be  explained  by  specific  deficiencies  in  the  protective  food  factors  inci¬ 
dental  to  the  general  restriction  in  food  intake  and  by  the  loss  of  certain  secondary 
structural  functions  of  fat  having  to  do  with  heat  insulation  and  the  architectural 


TABLE  2 

Caloric  Equivalent  of  Carbohydrate  Content 
of  Normal  Man 

Body  weight,  70  kg.;  liver  weight,  1,800  gm.;  muscle  mass,  35  kg-,  volume 
of  blood  and  extracellular  fluids,  21  liters. 

Per 

Cent  Gm. 

Muscle  glycogen .  0.70  245 

Liver  glycogen .  6.00  108 

Blood  and  extracellular  fluid  sugar ...  0.08  17 


Total  body  carbohydrate . 

Caloric  equivalent  (370X4-1) . ;••••• 

Caloric  requirement  (sedentary  occupation) .  .  . 

Total  body  carbohydrate  could  supply  caloric 
needs  for  (1,517^116.7) . 


370  gm. 

1,517  cal. 

2,800  cal.  per  24  hr., 
or  116.7  cal.  per  hr. 

13  hr. 


cushioning  of  organs.  Fat  is,  therefore,  primarily  a  fuel-storage  material.  When 
food  is  ingested  in  excess  of  caloric  expenditure  (whether  taken  in  the  form  o 
carbohydrate,  protein,  or  fat),  the  equivalent  of  the  excess  calories  is  deposited 

as  fat  in  the  adipose  tissues.  .  , 

Carbohydrate  resembles  fat  in  being  a  fuel  material  but  differs  from  fat  that 

it  is  an  indispensable  one.  The  tissues  of  the  body  constantly  require  and  use  c 

bohydrate  under  all  physiological  conditions  (,7).  Even  a  ^ “  £ 

sart— 

a  hypothetical  average  normal  man  with  his  calonc^r  q  ^  ^  ^  ^ 

the  other  foodstuffs  into  carbohy- 
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drate.  It  is,  therefore,  the  active  fuel  of  the  body  which  is  stored  only  in  small 
quantities  and  which  is  taken  in  or  made  as  required. 

Carbohydrate  distribution. — The  carbohydrate  of  the  body  is  largely  present  in 
the  form  of  glycogen  in  the  skeletal,  cardiac,  and  smooth  muscles.  In  these  motor 
tissues  it  serves  as  an  emergency  reserve  of  fuel;  one  which  can  be  mobilized  more 
rapidly  than  carbohydrate  can  reach  these  organs  through  the  regular  channels. 
Most  of  the  remaining  carbohydrate  in  the  body  is  found  in  the  manufacturing 
and  distributing  system,  namely,  in  the  liver  as  glycogen  and  in  the  blood  and 
extracellular  fluids  as  glucose.  Relatively  small  amounts  of  glycogen  are  also  found 
in  practically  all  other  organs  and  tissues  of  the  body. 

That  the  greater  part  of  the  body  carbohydrate  is  present  as  glycogen  (the 
polymerized  storage  form  of  glucose)  depends  upon  the  fact  that  all  the  hexoses, 
which  result  from  the  digestion  of  carbohydrate  in  the  intestine  and  are  absorbed 
into  the  blood  stream,  are  converted  into  glucose.  This  occurs  largely,  but  perhaps 
not  entirely,  in  the  liver  (28,  29,  76).  Similarly,  in  the  post-absorptive  state  or  dur¬ 
ing  fasting,  when  the  liver  must  supply  sugar  to  the  blood  from  the  body’s  own 
resources,  glucose  is  the  carbohydrate  which  is  manufactured  from  protein  and  fat. 
Nevertheless,  there  are  minor  amounts  of  other  forms  of  carbohydrate  in  most 
tissues  and  organs.  Among  these  are  special-purpose  carbohydrates,  which  are 
presumably  not  used  as  fuel— for  example,  the  galactose  in  the  galactolipins  of 
nervous  tissues  (30),  the  pentoses  associated  with  the  nucleoproteins,  and  the 
glucose  of  the  widely  distributed  glucoproteins  (31).  Under  special  circumstances, 
such  as  in  the  lactating  woman,  lactose  is  made  in  the  breast  and  is  present  in  the 
secreted  milk.  Finally,  there  are  a  number  of  degradation  products  of  glucose,  such 
as  the  hexose  and  triose  phosphates  (32),  which  are  caught  in  transit  as  the  glu¬ 
cose  is  utilized. 

Table  3  summarizes  the  distribution  of  the  quantitatively  important  forms  of 
carbohydrate  in  man  and  in  certain  laboratory  animals.  To  some  extent  we  must 
rely  on  the  data  from  animals  to  interpret  the  relatively  meager  data  available  for 
human  beings.  This  is  because  both  glucose  and  glycogen  (especially  the  latter) 
are  labile  substances  when  present  in  the  tissues,  and  few  opportunities  present 
themselves  to  obtain  human  tissues  under  the  proper  conditions  for  accurate 
analysis.  However,  the  close  agreement  of  the  reliable  human  data  which  we  do 
have  with  that  obtained  from  animals  increases  their  significance 

The  fuel  of  muscular  exercise. -In  a  very  recent  and  exhaustive  review  of  the 

subject,  Gemmill  (40)  has  aptly  reviewed  the  situation  as  regards  the  fuel  of  mus- 
cular  exercise  as  follows: 

portance  "*  °f  “***“*  is  °f  ™  in¬ 

efficiency  on  a  carbohydrate  diet  fte  nr„wJ  r  “  <romes Jrom  the  sli8h‘  Crease  in 
ingested,  the  fall  in  blood  sugar  during  long  continued  mmUSC.u  ar  effo.rt  when  carbohydrate  is 
lactate  at  the  beginning  of  exercise  and  during  severe 
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during  exercise  indicates  that  it  is  of  secondary  importance,  probably  to  supply  carbohydrate 
or  carbohydrate  intermediates.  The  results  of  experiments  on  fat  utilization  during  muscular 
work  have  demonstrated  that  this  substance  is  used  indirectly.  There  is  no  experimental  evi¬ 
dence  at  the  present  time  for  the  direct  utilization  of  fat  by  mammalian  muscle.  However,  the 
indirect  utilization  of  protein  or  fat  must  be  an  efficient  process,  since  the  exclusive  feeding  of 
these  substances  to  man  does  not  have  a  marked  effect  on  muscular  efficiency  during  short 
periods  of  exercise. 

The  significance  of  the  foregoing  from  the  standpoint  of  nutrition  is  obvious. 
If  carbohydrate  is  not  available  in  foods,  it  must  be  made  by  the  body  from  those 
materials  which  are  in  the  diet,  in  order  to  satisfy  the  fuel  requirements  of  the 
active  tissues.  The  eating  of  adequate  amounts  of  carbohydrate  therefore  spares 
the  body  the  work  of  making  its  fuel.  This  role  of  carbohydrate  is  naturally  more 


TABLE  3 


Distribution  of  Carbohydrate  in  Various  Tissues  of  Rat,  Dog,  and  Man 
(Figures  Represent  Ranges  Found  on  a  Mixed  Diet) 


Tissue 

Rat 

Dog 

Man 

Glycogen 
(Per  Cent) 

Glucose 
(Mg. 
per  Cent) 

Glycogen 
(Per  Cent) 

Glucose 
(Mg. 
per  Cent) 

Glycogen 
(Per  Cent) 

Glucose 
(Mg. 
per  Cent) 

Skeletal  muscle. . . 

0.81-1 .06  (33)* 
2-5  "8-3  (33) 
0.3  -O  6  (33) 

50-70 

0-55  (35) 
6.10  (35) 
0-47  (35) 
0.15  (35) 

O .  I  (34) 

0 . 08  (38) 

40-60 

0.4-0. 6  (36) 
1.5-6  °  (37) 

Liver . 

Heart . 

0.4(37) 

0.08  (34) 
0.07  (39) 

57  (34) 

71  (38) 

60-80 

0.08  (38) 

60-82  (38) 

60-90 

Skin  . 

77 (39) 

9°-l29  (33) 

Blood  and  extra- 

cellular  fluids. . . 

*  Figures  in  parentheses  refer  to  bibliographical  references  at  end  of  chapter. 


important  during  moderate  or  severe  muscular  exertion  than  when  the  body  is  at 
rest.  The  great  demand  for  fuel  accompanying  muscular  exercise  may  rapidly  ex¬ 
haust  the  carbohydrate  stores.  This  is  evidenced  by  a  decrease  in  glycogen  con¬ 
tent  of  the  liver  and  muscles  and,  if  the  exertion  is  sufficiently  severe  and  pro¬ 
longed,  may  result  in  an  abnormal  lowering  of  the  blood-sugar  level  (41).  These 
phenomena  are  accompanied  by  increased  breakdown  of  body  protein  (which  is 
reflected  in  an  increased  excretion  of  nitrogen  in  the  urine  [4°])  and  by  an  ac¬ 
celerated  breakdown  of  body  fat  (as  evidenced  by  a  rise  of  the  level  of  ketone 
bodies  in  blood  and  urine  U2}).  When  violent  exercise  is  preceded  or  accompanied 
bv  a  large  intake  of  carbohydrate,  the  body  works  somewhat  more  efficiently,  as 
iudeed  by  the  calories  expended  per  unit  of  oxygen  intake.  The  increased  nitrogen 
exS  and  ketone  formation  are  also  minimized.  The  latter  two  effects  of  car¬ 
bohydrate  are  examples  of  its  protein-sparing  and  its  antiketogenic  action  . 

The  efficiency  of  carbohydrate  as  afuel.-lt  has  been  noted  above  that  carbo  y- 

1  he  ejflciency  J  -  lar  exercise  than  either  protein  or  fat.  This 

rr  ‘SJ  "ns  of1  the  protein  or  fat  molecules  are  wasted  when  they 
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are  used.  It  does  mean  that  the  protein  and  fat  molecules,  when  used  as  fuel,  yield 
less  than  their  total  caloric  value  in  the  form  which  can  be  used  by  muscle.  The 
remainder  is  used  for  the  conversion  of  these  molecules  into  suitable  fuel.  These 
conversions  occur  largely  in  the  liver,  which  supplies  the  other  organs  with  fuel 
by  way  of  the  blood  stream. 

Since  the  amount  of  glycogen  present  in  the  muscle  at  any  one  time  is  sufficient 
for  only  short  periods  of  work,  the  carbohydrate  used  by  the  muscle  must  eventu¬ 
ally  come  from  the  blood  sugar.  The  glycogen  within  the  muscle  cells  may  be 
reasonably  supposed  to  serve  best  in  emergencies,  when  the  muscle  is  unable  to 
draw  sugar  from  the  blood  as  quickly  as  needed.  But,  as  a  matter  of  fact,  glycogen 
is  more  than  merely  a  conveniently  packaged  form  of  carbohydrate  lying  on  the 


Agency  fuTS  M1)08*’ illUStra,ing  the  •*'“*■««  *  glycogen  over  blood  sugar 


oSifthIn'from  ^ 

glucose  is  not  available  for  useful  work.  On" Ae' other  hand'^, ‘fTn  “  ^ 
glycogen  to  the  same  stage  does  not  ,?  hand’  the  breakdown  of 

makes  all  its  inherent  energy  quickly  available (if 5°"  *  ”****  “d  henCe 
gets  something  for  nothing  from  glycogen  for  s  43  ’  ThlS  1S  n0t  t0  Say  that  one 
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lating  mechanisms,  and  the  tank  on  the  roof  represents  the  glycogen  store.  It  is 
readily  understandable  that,  when  the  tank  contains  stored  water,  the  tap  can 
deliver  a  rate  of  flow  far  beyond  the  rate  capacity  of  the  pump.  The  water  stored 
during  periods  when  the  tap  is  closed  is  at  a  higher  level  than  the  original  source 
of  the  water  and  also  stores  some  of  the  energy  applied  by  the  pump.  This  poten¬ 
tial  energy  is  released  when  the  tap  is  opened.  Too  great  an  outflow  from  the  tap 
may,  of  course,  exhaust  the  stored  water  and  reduce  the  flow  from  the  tap  to  the 
rate  at  which  the  pump  is  capable  of  operating.  A  similar  situation  may  occur  in 
muscle  when  excessive  rates  of  work  over  prolonged  periods  are  attempted. 

The  application  of  these  physiological  facts  to  clinical  phenomena  is  exempli¬ 
fied  by  the  greater  stores  of  glycogen  and  of  phosphate  esters  found  in  the  muscles 
of  animals  which  have  been  trained  to  perform  prolonged  work  (45).  This  prob¬ 
ably  also  applies  to  the  physical  abilities  of  manual  laborers  and  of  athletes.  Con¬ 
versely,  the  characteristically  low  muscle-glycogen  levels  found  in  poorly  con¬ 
trolled  diabetic  patients  and  in  hyperthyroid  individuals  are  accompanied  by 


muscular  weakness. 

Special  functions  of  carbohydrate  in  the  liver. — Aside  from  its  use  as  fuel  in  the 
liver,  carbohydrate  in  this  organ  has  protective  and  detoxifying  actions  and  a  regu¬ 
lating  influence  on  protein  and  fat  metabolism. 

The  liver  of  a  well-fed  normal  animal  contains  a  high  percentage  of  glycogen,  as 
compared  to  any  other  tissue.  It  is  known  that  such  a  liver  is  more  resistant  to 
various  types  of  noxious  agents  than  one  which  has  been  deprived  of  its  glycogen 
by  starvation  or  disease.  This  has  been  shown  in  animals  for  such  various  types 
of  poisons  as  carbon  tetrachloride  (46),  alcohol  (47),  or  arsenic  (48)  and  in 
man  for  a  variety  of  diseases  accompanied  by  toxemias  of  bacterial  origin  (49,  5°)- 
The  defenses  of  the  liver  against  toxic  agents  are  of  great  importance  to  the  body 
as  a  whole  for  it  is  one  of  the  chief  functions  of  this  organ  to  remove  or  destroy 
such  toxins  before  they  reach  other  vital  tissues  which  are  not  equipped  to  deal 
with  them.  From  this  point  of  view,  the  maintenance  of  a  high  glycogen  level  in 

the  liver  is  an  essential  for  the  health  of  the  whole  organism. 

It  is  now  known  that  most  of  the  glycogen  of  the  liver  is  present  in  the  form  of 
a  complex  with  protein  (51).  It  is  a  reasonable  assumption  that,  just  as  the  pro¬ 
tein  part  of  the  complex  stabilizes  the  glycogen,  so  the  glycogen  would  tend  to 
protect  the  protein.  More  definite  knowledge  is  available  as  regards  the  role  of 
carbohydrate  in  specific  chemical  reactions  which  transform  certain  poisons  into 
relatively  innocuous  substances.  One  such  mechanism  is  the  conjugation  of  g  y 
curonic  Icid  derived  from  carbohydrate  with  poisons  which  possess  a  hydroxyl 

oun  „)  Indeed,  this  mechanism  is  one  of  the  means  by  which  the  body 
g  its  steroid  hormone  metabolism  and  protects  itself  from  the  harm  which 

regt  !  ,  t  frl  an  exTess  of  the  sex  hormones  (54).  It  is  also  possible  that  the 
carcinogenic  substances  of  the  steroid  type  might  be  disposed  of  in  the  same  man- 
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.  Another  hepatic  mechanism  is  the  acetylation  of  such  substances  as  . . 

benzoic  acid  (55)  and  sulphanilamide  (56).  In  this  type  of  conjugation  the  acetyl 
groups  are  derived  from  carbohydrate  probably  via  pyruvate  and  acetyl  phos¬ 
phate.  The  rates  of  glycuronate  formation  and  of  acetylation  have  been  shown  to 
depend  directly  upon  the  concentration  of  carbohydrate  in  the  liver  (56,  57). 

The  protein-sparing  action  of  carbohydrate  has  already  been  mentioned.  This 
action  occurs  partly  in  the  liver,  for  it  is  this  organ  which  is  primarily  responsible 
for  the  deamination  of  amino  acids.  Up  to  the  point  of  deamination  the  fate  of 
amino  acids  in  metabolism  has  not  been  finally  determined.  They  may  be  used  as 
building  blocks  from  which  to  form  proteins  for  the  repair  or  growth  of  tissues,  or 
they  may  be  broken  down  for  use  as  fuel.  Once  deamination  has  occurred,  the 
amino  acids  are  divorced  from  protein  metabolism.  The  amino  group  is  converted 
to  urea  and  excreted,  while  the  non-nitrogenous  fraction  is  either  used  as  a  source 
of  energy  or  converted  to  carbohydrate  or  fat.’  The  rate  of  deamination  in  the  liver 
decreases  as  the  available  carbohydrate  increases.  An  ample  supply  of  carbohy¬ 
drate  thus  conserves  the  products  of  protein  breakdown  in  a  form  which  may  be 
used  by  the  body  to  build  or  maintain  its  own  protein  structure.  To  put  it  in  an¬ 
other  way,  a  minimal  intake  of  protein  which  may  be  adequate  for  the  body’s 
needs  when  taken  together  with  good  amounts  of  carbohydrate,  may  become  in¬ 
adequate  when  the  carbohydrate  intake  is  deficient  (58). 

The  availability  of  carbohydrate  to  the  liver  also  determines  how  much  fat  is 

intheUveTfo  *  *  .‘St°rgan'  ?here  is  n0  direct  index  of  the  rate  of  fat  metabolism 
1  the  liver,  for  unlike  protein  metabolism,  fat  metabolism  is  not  accompanied  bv 

he  excretmn  of  a  characteristic  end-product  in  the  urine.  However,  it  happens 

at  fatty  acids  are  not  completely  metabolized  by  the  liver  and  that  tfufend 

products  of  fatty-acid  metabolism  in  this  organ  are  [he  so-called  “ketone  bodies- 

fh» 2"  “b  “I610"61"  addS  (59’  6°'  6l>'  These  ketone  bodiefmCst 
breakdown  of  frt  iXtoT"*  !"  °xidation'  Ananiy  the  rate  of 

promptly  disposed  of  by  thlneTh  W  SUCh  that  the  latter  are 

pear  in  the  Wood  or  urine  But  7  Significant  amounts  aP’ 

rapid  and  the  rate  of  kZefolTri  breakdown  becomes  excessively 

posal  by  the  peripheral  tissues  there^11  *  beglnS  to  exceed  the  rate  of  dis- 

tone  bodies  in  the  blood  and  an’excretm^Tth  °  ^  accumulati°n  of  the  ke- 

Under  these  circumstanced  ^stances  in  the  urine  (ketosis), 

carbohydrate  causes  a  prompt  an  otherwise  normal  animal  the  administration  of 

action).  This  effect  of  carbohydmToTuTw  tt  ^  ket°neb°dies  (antiketogenic 
Of  the  breakdown  of  fatty  acids.  TogetheT  with'dthe^  t'S  dUe  t0  “  inhibition 

2,  r;  “■  “““ — - 

imi"»  «id  (chaprik  pSS9r  the  “0n'nitr°ge”0US  ,ra«ion  may  a!so  be  nominated  and  restored  as 
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different  foodstuffs  which  are  prepared  by  the  liver  for  use  as  fuel  by  the  peripher¬ 
al  tissues. 

In  discussing  the  special  functions  of  carbohydrate  in  the  liver  we  have  referred 
both  to  its  “glycogen  content”  and  to  the  “availability”  of  carbohydrate  to  this 
organ.  These  terms  may  or  may  not  be  synonymous,  for  it  is  still  not  known 
whether  sugar  may  be  used  directly  by  the  liver  cells  or  must  first  be  built  up  to 
glycogen.  In  any  case,  the  glycogen  content  of  the  liver  is  a  good  index  of  the 
amount  of  carbohydrate  which  is  available  to  the  hepatic  cells;  and  from  a  nutri¬ 
tional  standpoint  it  is  important  to  remember  that  carbohydrate  is  the  foodstuff 
which  leads  to  the  highest  levels  of  liver  glycogen.  Fairly  good  glycogen  stores  in 
the  liver  can  be  obtained  when  protein  is  predominant  in  the  diet,  while  a  high  fat 
diet  results  in  a  liver  which  is  poor  in  glycogen  (62,  63).  The  medical  uses  of  the 
high  carbohydrate  diet  or  of  the  intravenous  administration  of  dextrose  solution 
are  directed  toward  the  protection  of  the  liver  by  insuring  rich  glycogen  stores 
(50).  Protein  has  been  used  with  the  same  ultimate  purpose  in  mind,  but  it  is  less 


effective,  probably  in  proportion  to  its  convertibility  to  sugar. 

Carbohydrate  and  the  heart—  The  previous  discussion  of  carbohydrate  as  the 
most  efficient  fuel  of  muscular  exercise,  and  of  the  muscle  glycogen  as  an  important 
emergency  source  of  contractile  energy,  applies  in  even  greater  measure  to  cardiac 
muscle  than  it  does  to  skeletal  muscle.  The  latter  can  in  some  measure  accommodate 
itself  to  a  decreased  supply  of  carbohydrate  by  decreasing  its  work.  The  heart 
cannot  stop  to  rest.  A  temporary  reduction  in  the  supply  of  sugar  to  the  normal 
heart  (as  in  induced  attacks  of  hypoglycemia)  has  little  apparent  effect  on  the 
organ,  although  a  definite  change  in  the  electrocardiogram  may  be  noted  (64). 
The  apparent  lack  of  influence  of  hypoglycemia  on  the  normal  heart  may  be  due 
to  the  good  glycogen  stores  to  be  found  there.  But,  in  the  heart  which  is  damaged 
by  disease  and  in  which  the  initial  glycogen  stores  are  poor,  hypoglycemia  may 
precipitate  stenocardial  symptoms  with  angina  and  may  even  result  m  death. 
This  has  been  noted  for  diabetic  (65),  as  well  as  for  non-diabetic,  cardiac  patients, 
and  in  both  it  has  also  been  observed  that  they  may  do  better  when  the  b  00 
sugar  is  somewhat  elevated  even  above  the  normal  range.  High  carbohydrate 
therapy  has  been  successfully  used  on  this  basis  (66). 

The  indispensability  of  carbohydrate  to  the  central  nervous  system.- Of  all  the 
organs  and  tissues  in  the  body,  the  central  nervous  system  is  most  dependent  upon 
the  minute-by-minute  supply  of  glucose  from  the  blood.  In  connection  with 
discussion  on  the  fuel  of  muscular  exercise  it  was  stated  that  carbohydrate  was  o 
nrimarv  importance,  while  protein  and  fat  could  be  used  only  indirectly.  As  re- 
glrfs  Ae  central  nervous  system,  it  has  been  well  established  that  only  carbohy- 
^  he  used  (67  68  69).  The  need  of  nerve  tissue  for  glucose  is  even  more 

''specific  than  the  previous  statement  would  indicate.  It  is  true,  when  slices  of  brain 
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tissue  are  studied  in  vitro  regarding  their  ability  to  maintain  respiration  at  the 
expense  of  various  substrates,  that  a  number  of  degradation  products  of  glucose 
will  serve  as  well  or  better  than  glucose  itself  (67).  However,  none  of  these  inter¬ 
mediates  have  been  shown  to  have  any  ameliorating  effect  upon  the  hypoglycemic 
symptoms  caused  by  lowering  the  blood-sugar  level  in  vivo  (70).  In  other  words, 
glucose  as  such  has  a  specific  influence  and  is  indispensable  for  the  maintenance 
of  the  functional  integrity  of  the  nerve  tissue.  When  the  blood  sugar  is  lowered  in 
a  living  organism,  those  tissues  which  have  ample  stores  of  glycogen  may  use  the 
latter  to  tide  them  over  the  lean  period.  The  nervous  tissue  has  little  glycogen, 
and  it  is  doubtful  whether  the  little  which  is  present  can  be  mobilized  for  use  in 
emergencies.  The  glycogen  content  of  nervous  tissue  remains  more  or  less  con¬ 
stant  under  most  conditions,  including  hyperglycemia  and  hypoglycemia,  and 
may  be  largely  an  integral  part  of  the  nerve  structure  (34).  The  unavailability  for 
metabolic  use  of  the  glycogen  present  in  the  nerve  cells  is  evidenced  by  the  dra¬ 
matically  rapid  development  of  hypoglycemic  symptoms  when  the  blood  sugar 
is  lowered. 

THE  TRANSFORMATION  OF  CARBOHYDRATE  INTO  FAT 

In  the  previous  discussion  of  fat  as  a  fuel-storage  material  it  was  pointed  out 
that,  when  food  in  excess  of  caloric  expenditure  is  ingested  (whether  in  the  form 
of  carbohydrate,  protein,  or  fat),  the  equivalent  of  the  excess  calories  is  deposited 
as  fat  in  the  adipose  tissues.  With  this  in  mind,  it  is,  strictly  speaking,  incorrect  to 
label  any  of  the  foodstuffs  as  being  particularly  “fattening.”  Any  one  of  them  can 
be  so  if  taken  in  sufficient  quantities.  But  because  of  its  proportion  in  the  diet, 
its  lower  cost,  and  its  use  in  confections,  carbohydrate  is  quantitatively  the  most 
important  precursor  of  fat. 

The  fat  which  arises  from  carbohydrate  in  the  body  is  the  so-called  “hard”  fat, 
composed,  in  the  main,  of  the  highly  saturated  palmitic  and  stearic  acids  (71). 
This  is  probably  of  more  concern  to  stock-raisers  than  to  human  nutritionists. 
The  former  have  long  known  that  they  could  control  the  physical  qualities  of  the 
fat  in  meats  by  varying  the  proportion  of  carbohydrate  and  of  oils  in  the  diet  of 
their  animals.  Of  course,  carbohydrate  cannot  completely  substitute  for  fat  in  the 
diet,  since  it  does  not  carry  with  it  the  essential  fatty  acids  and  the  fat-soluble 
vitamins,  which  cannot  be  manufactured  by  the  body. 


THE  INTERRELATION  OF  CARBOHYDRATE  AND  PROTEIN  METABOLISM 

Earlier  writers  on  metabolism  have  talked  somewhat  loosely  of  the  formation 

cur Tc '7 r ■  StriCtly  Speaking’  SUCh  a  transformation  d“t 

cur,  because  the  amino  groups  which  characterize  the  building  stones  of  nro 

terns  are  derived  from  amino  acids  or  proteins  which  are  ingested  L  such  Sch^ 
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heimer  (25)  has  demonstrated  that,  when  ammonium  salts  are  ingested,  the  NH3 
may  combine  with  carbohydrate  derivatives  to  form  amino  acids.  But  what  ordi¬ 
narily  occurs  is  the  exchange  of  the  amino  group  of  an  amino  acid  with  the  keto 
group  of  a  keto  acid  (derived  from  carbohydrate),  a  process  known  as  “transami¬ 
nation”  (72,  73).  In  this  process  the  carbon  residue  of  the  amino  acid  reverts  to  a 
carbohydrate  intermediate,  so  that  there  is  not  necessarily  any  quantitative  in¬ 
crease  in  the  amount  of  protein  precursor  resulting  from  the  reaction.  What  the 
body  gains  from  the  interchange  is  the  ability  to  transform  one  amino  acid,  which 
it  may  have  in  excess,  to  another,  which  it  may  need.  For  example,  by  exchanging 
with  a-ketoglutarate,  alanine  may  be  transformed  to  glutamic  acid,  with  pyruvic 
acid  as  the  by-product  (Fig.  3). 
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Fig.  3. — Example  of  transamination 

THE  IMPORTANCE  OF  THE  VITAMIN-B  COMPLEX 
IN  CARBOHYDRATE  NUTRITION 

It  is  now  known  that  many  members  of  the  vitamin-B  complex  play  an  integral 
part  in  carbohydrate  metabolism  and  that  the  requirement  for  this  group  of  vita¬ 
mins  depends  upon  the  amount  of  carbohydrate  which  is  eaten.  Since  this  is  so, 
why  did  not  the  knowledge  of  its  existence  arise  much  earlier  in  human  experience 
and  why  did  not  the  race  suffer  from  the  lack  of  such  knowledge?  The  answer  to 
these  questions  lies  in  the  fact  that  it  is  only  in  comparatively  recent  tunes  that 
the  natural  union  between  the  vitamin-B  complex  and  carbohydrate,  which  exist 
in  whole  grain  and  plants,  has  been  broken  by  the  industrial  processing  of  oods° 

Before  this  occurred,  the  supply  of  the  B  vitamins  was  aut“f 
the  amount  of  carbohydrate  eaten,  so  that  the  occurrence  of  vitamin-B  define  y, 
with  its  consequent  disturbance  in  nutrition,  is  a  comparatively  recent  deyel  p- 
ment'in  the  Western  world.  In  the  Orient  the  earlier  large-scale  mtroduct, on  o 
r  bed  rice  led  to  the  first-known  instances  of  vitamin-B  deficiency  (  en  er 
P  !  led  to  the  first  recognition  of  the  existence  of  this  group  of  vitamins  (74)- 
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essential  for  life.  As  the  different  vitamins  were  successfully  recognized  and  ex¬ 
tracted  in  concentrated  form  from  their  natural  sources,  experimentation  with 
these  products  led  to  the  recognition  of  definite  clinical  syndromes  resulting  from 
their  lack  and  cured  by  their  administration.  More  recently  the  actual  chemical 
identity  of  many  of  the  vitamins  has  been  established,  and  a  number  of  them 
have  been  synthesized.  Coincidentally  with  the  latter  events,  the  development  of 
tissue-enzyme  chemistry  has  revealed  a  great  deal  about  the  chemical  steps 
through  which  the  foodstuffs  are  broken  down  and  used  for  energy.  It  is  now 
known  that  each  of  the  chemical  steps  is  accomplished  by  the  activity  of  one  or 
more  enzymes  (protein  catalysts)  and  that  each  of  the  enzymes  requires  one  or 
more  cofactors  for  its  optimal  activity.  In  some  instances  the  cofactor  is  a  simple 
mineral  substance,  like  iron  or  magnesium  or  phosphorus;  in  other  cases  the  co¬ 
factor  is  a  more  complex  organic  substance,  known  as  a  “coenzyme.”  Thus  far, 
those  vitamins  whose  functions  are  known  have  been  found  to  be  coenzymes  or 
to  give  rise  to  coenzymes  in  the  body  (75). 

Figure  4  outlines  the  known  steps  in  the  breakdown  of  carbohydrate  and  indi¬ 
cates  the  points  at  which  the  various  components  of  the  vitamin-B  complex  play 
an  essential  role.  The  role  of  various  minerals  in  carbohydrate  metabolism  is  simi¬ 
larly  indicated.  It  may  be  seen  that  definite  knowledge  is  available  regarding  only 
three  B  factors,  namely,  thiamine,  nicotinic  acid,  and  riboflavin.  It  is  to  be  ex¬ 
pected  that  similar  functions  will  eventually  be  found  for  the  other  factors  in  the 
B  complex. 


Since  the  breakdown  of  carbohydrate  is  essentially  similar  in  all  tissues  and  or¬ 
gans,  it  follows  that  a  vitamin-B  deficiency  will  impair  carbohydrate  metabolism 
in  every  structure  of  the  body.  The  clinical  syndromes  which  have  been  de¬ 
scribed  are,  therefore,  merely  the  most  obvious  manifestations  occurring  in  those 
tissues  and  organs  that  suffer  most  acutely  and  that  are  most  easily  accessible  to  ex¬ 
amination  Consideration  of  Figure  4  also  shows  the  fallacy  of  regarding  any  single 
facto  of  the  B  complex  as  more  important  than  another,  for  the  normal  chain  of 
events  can  be  broken  by  a  lack  of  any  one  of  them.  For  this  reason  and  until  we 

ponenTnart  oHhe  B°W  X  fUnCti°n  “d  °ptimaI  ProPortion  of  each  com¬ 
ponent  part  of  the  B  complex,  a  natural  source  containing  all  the  factors  remains 

i ::db::LZTe  dietary  supplement  with  whkh  *  **  «xs  :z 


THE  UTILIZATION  OP  SIMPLE  SUGARS  OTHER  THAN  GLUCOSE 

of  carbohydrate  in  the  body  it  was 

verted  into  either  glucZr  XZ  mu  ^  gastr°-intesti™'  tract  are  con- 
in  the  liver,  is  ordinarily  so  efficient  that  th  C<>’!v<jrsi':in'  w,llch  takes  place  largely 
fate  which  sugars  like  fructose  and  galactose^ 
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circumstances,  when  the  function  of  the  liver  is  impaired  or  when  these  sugars  en¬ 
ter  the  blood  in  overwhelming  quantities,  there  occur  interesting  anomalies  of 
carbohydrate  nutrition  which  deserve  some  brief  mention.  Lactose  is  also  of  inter¬ 
est  because  of  its  formation  in  large  quantities  by  the  lactating  breast  of  the  fe¬ 


male,  at  which  time  it  may  appear  in  the  blood  and  the  urine.  The  pentoses  are 
sometimes  involved  in  a  hereditary  anomaly  of  metabolism. 

a)  Fructose. — While  the  conversion  of  fructose  to  glucose  occurs  largely  in  the 
liver,  there  is  some  evidence  that  it  may  take  place  to  a  smaller  extent  in  the  in¬ 
testinal  mucosa  and  the  kidney  (28,  29,  76).  Recent  work  indicates  that  there  are 
probably  two  chemical  pathways  from  fructose  to  glucose  in  the  liver.  The  fruc¬ 
tose  may  be  phosphorylated  to  fructose-6-phosphate,  which  is  converted  to  glu- 
cose-6-phosphate  and  then  split  by  the  liver  phosphatase  to  yield  glucose  (77). 
The  phosphorylated  fructose  also  appears  to  be  more  readily  degraded  to  lactic 
acid  than  is  glucose-6-phosphate.  Hence,  when  fructose  appears  in  excess  in  the 
blood,  it  is  accompanied  by  a  rise  in  lactic  acid  (78).  Some  of  the  latter  may  be 
converted  to  glucose  or  glycogen  by  the  liver. 

When  any  of  the  foregoing  hepatic  mechanisms  are  impaired,  either  by  liver 
disease  or  by  a  hereditary  anomaly  known  as  “essential  fructosuria,”  there  is  diffi¬ 
culty  in  disposing  of  the  fructose  taken  in  through  the  gastro-intestinal  tract  and 
it  accumulates  as  such  in  the  blood  (79).  Since  it  is  a  substance  which  is  not  held 


back  by  the  kidney  as  efficiently  as  is  glucose,  it  appears  in  the  urine  in  abnormal 
quantities.  Fructose  is  a  reducing  sugar  which  is  not  distinguished  from  glucose 
by  the  routine  chemical  tests.  From  the  medical  standpoint,  it  is  therefore  impor¬ 
tant  not  to  confuse  fructosuria  with  diabetes  mellitus. 

b)  Lactose  and  galactose.  Lactose  is  split  into  glucose  and  galactose  in  the  proc¬ 
ess  of  digestion.  It  may  therefore  be  considered  together  with  the  galactose  which 
is  ingested  as  such.  However,  the  presence  of  lactose  in  milk  and  milk  products 
renders  it  much  more  important  than  galactose  from  the  nutritional  standpoint 
Lactose  also  has  the  special  virtue  of  altering  the  intestinal  flora  in  such  a  manner 

as  to  produce  a  more  acid  environment,  which  favors  the  more  complete  absorp- 
tion  of  ingested  calcium  (80).  ^ 

There  is  some  recent  evidence  that  suggests  that  galactose  is  converted  to  glu- 

(81)  ‘f  hi  T  y,  P^osPhoryIating  stePS  similar  to  those  described  for  fructose 
(8r).  Little  beyond  this  is  known.  For  example,  the  lactating  breast  manufac 

tures  lactose  and  presumably  has  galactose  available  for  the  purpose  (82)  •  but  it 

originates  in  the  liver  and  l  °f  * 

may  be  found  in  the  blood  and  urine  of  lactating  felt  s!  8  86 

ence  of  these  abnormal  constitute  i  .  •  1  ’  so  that  the  mere  pres- 

of  origin.  As  with  fruct<T  U  k  1  1  ^  any  indication  as  to  their  site 

galactosuria,  lactosuria,  and  glucos^i^  ^  medlCally  t0  dlstinguish  between 
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In  the  previous  discussion  of  the  special  functions  of  carbohydrate  in  the  liver, 
mention  was  made  of  its  protective  and  antiketogenic  action.  Liver  glycogen  that 
is  formed  as  a  result  of  the  intake  of  galactose  or  of  lactose  may  perhaps  be  more 
beneficial  to  the  organism  than  glycogen  that  originates  from  other  materials. 
This  is  because,  for  some  unknown  reason,  the  “galactose  glycogen”  is  more  stable. 
It  has  been  shown  that,  when  galactose  is  administered  to  animals  together  with  a 
ketogenic  agent,  the  ketosis  which  follows  is  less  than  when  glucose  or  fructose 
are  similarly  administered  (15). 

c)  Pentoses. — In  contrast  to  the  hexoses,  which  are  important  energy  materials, 
the  five-carbon-atom  sugars  are  much  more  important  as  part  of  the  machinery 
of  the  body.  Pentoses  are  incorporated  in  at  least  one  vitamin  (riboflavin),  several 
tissue  coenzymes  (diphosphopyridine  nucleotide,  triphosphopyridine  nucleotide, 
and  alloxazine  adenine  dinucleotide),  and  all  the  nucleoproteins.  However,  when 
pentoses  as  such  are  ingested,  they  are  not  utilized  but  are  eliminated,  more  or 
less  quantitatively,  in  the  urine  and  feces.  It  is  possible  that  the  pentoses  which 
are  eaten  in  combined  form  as  part  of  natural  food  constituents  (riboflavin  and 
the  nucleotides,  for  example)  do  contribute  to  the  pentose  content  of  the  tissues. 
It  is  known  that  the  body  is  able  to  synthesize  pentoses  for  itself  from  glucose  by 
way  of  glycuronic  acid  (83).  The  hereditary  anomaly  known  as  essential  pento¬ 
suria”  is  as  yet  unexplained. 

SUMMARY 


We  have  seen  that  carbohydrate  is  not  only  the  primary  fuel  of  the  body 
but  is  also  involved  in  important  portions  of  its  functional  machinery.  The  carbo¬ 
hydrate  stores,  though  relatively  small  as  compared  to  fat,  play  a  protective  ro  e 
in  some  of  the  most  vital  organs.  They  may  be  of  the  utmost  importance  when  a 
rapid  source  of  energy  is  required,  to  enable  the  organism  as  a  whole  to  cope  with 
an  emergency  in  its  environment.  Despite  all  this,  however,  the  evolutionary 
processes  have  resulted  in  so  flexible  a  metabolic  system  that  the  higher  mammals 
and  man  can  get  along  very  nicely  when  little  or  no  carbohydrate  is  available.  Un¬ 
der  these  circumstances  the  body  makes  its  own  carbohydrate  fuel  from  non-car¬ 
bohydrate  materials.  But  this  is  a  wasteful  process,  because  some  energy  must  be 
used  for  the  conversions,  and  there  is  more  wear  and  tear  of  the  metabolic  ma- 

Cht  with  the  foregoing  considerations  in  mind,  we  could  divorce  oursehiesf^ 
previous  dietary  experience  and  were  to  attempt  to  construct  an  ideal  adult  diet, 

we  would  choose  the  following:  f  •  machinery 

1.  Protein  sufficient  in  quantity  and  quality  to  repair  th  egor( 

from  day  to  day,  and  a  little  extra,  to  be  on  the  safe  side,  In  the  same  categ  y 

we  would  place  a  sufficiency  of  all  the  vitamins  and  minemK 

2  Enough  fat  to  carry  the  essential  fatty  acids  and  fat-soluble  vita 

to  make  it  unnecessary  to  eat  too  large  a  bulk  of  other  food. 
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3.  Carbohydrate  sufficient  to  supply  all  the  rest  of  the  calories  necessary  to 
maintain  weight. 

The  diet  which  has  been  outlined  is  a  fair  approximation  of  that  which  the  hu¬ 
man  race  has  actually  adopted  on  the  basis  of  experience,  in  those  fortunate  parts 
of  the  world  where  food  resources  are  rich  and  the  choice  is  not  limited  (84). 
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CHAPTER  II 


THE  ENZYMATIC  MACHINERY  OF  CARBO¬ 
HYDRATE  METABOLISM 

IN  THE  process  of  digestion  or  in  the  liver  after  absorption,  carbohydrates  are 
largely  converted  to  glucose.  Hepatic  gluconeogenesis  leads  to  the  same  end- 
product.  The  further  course  of  carbohydrate  metabolism  is  therefore  chiefly 
concerned  with  the  chemical  transformations  undergone  by  glucose.  These  in¬ 
clude  the  synthesis  of  glycogen  and  the  formation  of  fat.  But  more  basic  than 
either  of  these  is  the  breakdown  of  the  sugar  to  carbon  dioxide  (C02)  and  water 
(H20),  with  the  liberation  of  the  energy  that  supports  the  various  functions  of 
living  cells. 

Lavoisier’s  analogy  of  the  burning  candle  introduced  the  concept  of  oxidation 
in  the  living  organism  and  the  use  of  the  term  “combustion”  to  describe  the  ulti¬ 
mate  breakdown  of  foodstuffs  in  the  body.  The  analogy  was  apt  and  useful  at  the 
time.  The  living  organism,  like  the  burning  candle,  required  oxygen  and  produced 
C02  and  H20.  What  could  be  more  natural  than  the  conclusion  that  the  lungs 
served  as  a  furnace,  where  the  inspired  oxygen  united  with  carbon  and  hydrogen 
from  the  blood  to  produce  heat,  energy,  and  the  appropriate  end-products  (i)? 
During  the  first  half  of  the  nineteenth  century  the  discovery  that  the  blood  con¬ 
tained  02  and  C02  resulted  in  a  shift  in  the  location  of  the  theoretical  furnace 
from  the  lungs  to  the  blood  (2),  However,  the  development  of  histological  and 
biochemical  techniques  soon  led  to  the  realization  that  the  individual  tissue  cells 
were  the  functional  units  of  metabolism,  while  the  blood  served  mainly  as  a  medi¬ 
um  of  transport  (3).  This,  in  turn,  gave  birth  to  the  vague  and  somewhat  vitahstic 
conception  of  the  ability  of  the  body  tissues  to  “oxidize”  food  materials  and  to 
derive  heat  and  energy  therefrom.  At  that  time,  the  word  “oxidation  was  not 
used  in  the  strict  chemical  sense  of  today.  As  then  used,  it  meant  the  simpie  add  - 
tion  of  oxygen  to  molecules  or  carbon  fragments  of  the  original  foodstuffs  within 
the  dssufcells,  and  the  liberation  of  energy  by  complete  oxidation  of  the  food¬ 
stuffs  to  C02  and  H20.  This  conception,  with  little  modification,  has  been  carried 

forward  in  some  writings  to  the  present  day.  .  fifi  H 

The  work  of  Pasteur  on  yeast  fermentation  init.ated  a  senes  of  -ten  >fic de 
velopments,  which  at  first  were  apparently  unrelated  to  the  above  bu  vh,ch 
eventually  merged  completely.  The  epoch-making  discovery  by  Buchne  (4)  h 
a  cell-freeyextract  of  yeast  could  substitute  for  the  vmg 
mentation  showed  that  what  had  been  cons.dered  to  be  a  process  insepa 
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life  is,  after  all,  only  a  special  kind  of  chemical  reaction— a  reaction  that  is  cata¬ 
lyzed  by  a  complex  organic  substance  (enzyme)  in  the  cell.  This  paved  the  way  for 
a  rational  and  materialistic  explanation  of  cell  processes.  Other  enzymes  were  dis¬ 
covered  and  isolated.  Evidence  mounted  that  the  chemical  machinery  of  the  liv¬ 
ing  cell  consists  of  a  series  of  organic  catalysts  which  operate  on  complex  mole¬ 
cules,  step  by  step,  to  produce  simpler  and  more  labile  products.  It  was  realized 
that  the  enzymes  made  possible  such  chemical  reactions  in  the  cell  as  would  other¬ 
wise  require  high  temperatures  or  strong  reagents  incompatible  with  life.  The 
step-by-step  catabolism  controlled  by  the  multiple  enzymes  also  offered  a  rea¬ 
sonable  basis  for  the  regulated  release  of  energy  in  small  units,  a  process  which 
was  much  more  reasonable,  from  the  point  of  view  of  the  use  of  such  energy,  than 
the  explosive  type  of  reaction,  implied  in  the  idea  of  “combustion.” 

By  the  early  years  of  this  century  biochemists  and  physiologists  using  bio¬ 
chemical  methods  had  collected  a  great  deal  of  data  concerning  the  kinds  and 
amounts  of  intermediate  metabolites  present  in  the  different  tissues  of  the  body 
under  a  variety  of  conditions.  These  data  guided  the  enzyme  chemists  in  the  isola¬ 
tion  and  study  of  the  enzyme  systems  which  were  responsible  for  the  various  prod¬ 
ucts.  The  last  ten  to  fifteen  years  have  witnessed  a  tremendous  and  constantly 
accelerating  growth  in  the  application  of  enzyme  chemistry  to  metabolic  problems. 
It  has  become  evident  that,  in  the  process  called  “oxidation”  in  the  tissues,  molec¬ 
ular  oxygen  does  not  interact  directly  with  the  foodstuffs  (5,  6)  and  that  CO, 
largely  arises  by  a  splitting-off  of  carboxyl  groups  from  lower  metabolic  inter¬ 
mediates  (7).  It  is  with  these  and  other  fundamental  enzyme  reactions  that  the 
present  chapter  will  deal. 


NATURE  OF  CELL  ENZYMES 


The  enzymes  in  the  living  cell  resemble  the  known  inorganic  catalysts  in  that 
they  are  more  or  less  specific  for  a  particular  chemical  reaction  or  type  of  reaction ; 
also,  in  that  they  are  not  measurably  consumed  by  the  reaction  which  they  ac¬ 
celerate.  All  the  tissue  enzymes  which  have  thus  far  been  isolated  and  sufficiently 
purified  that  their  essential  natures  are  known  have  turned  out  to  be  proteins 
(8,  9).  As  more  and  more  of  the  enzymes  have  been  recognized  and  studied  it  has 
become  less  possible  to  distinguish  between  purely  structural  proteins,  constitut¬ 
ing,  as  it  were,  the  skeleton  of  the  cell  (10),  and  the  enzyme  proteins,  representing 

n  f  Tr^,  !  Cel1' lD  facWa  tabU'ati0n  of  the  number  of  enzymes  present 

which  mU  a  Calculation  of  the  Proportion  of  the  total  cell  protein 

Wh,ch  enzymes  must  represent  leaves  little  or  no  room  for  the  presence  of  anv 
purely  structural  proteins  (Table  4)  (9,  „).  presence  of  any 

Studies  of  the  optimal  conditions  for  the  activity  of  various  enzyme  nroteins 

imTt  ?"C°VCre  a  number  of  other  normal  constituents  of  the  living  cell  which 
must  be  present  ff  a  partrcular  enzyme  is  to  exert  its  fullest  effect.  In  some  in 
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stances  these  accessory  substances  are  simple  ions,  like  phosphate  or  magnesium, 
and  are  referred  to  as  “cofactors”  of  the  enzyme.  When  the  accessory  element  is  a 
complex  organic  but  non-protein  substance,  it  is  known  as  a  “coenzyme”  (12).  A 
protein  enzyme  (or  the  activating  protein)  together  with  its  particular  coenzyme 
and/or  other  cofactors  is  known  as  an  “enzyme  system.” 


THE  ENZYME  SYSTEMS  INVOLVED  IN  CARBOHYDRATE  METABOLISM 

The  following  is  a  list  of  the  various  types  of  enzymatic  reactions  which  are 
known  to  be  involved  in  the  breakdown  and  synthesis  of  carbohydrates  in  mam¬ 
malian  tissue.  The  enumeration  is  followed  by  a  brief  description  of  the  nature  of 

TABLE  4 


Proportion  of  the  Muscle  Protein  Accounted  for  by  a  Few 
of  the  Many  Known  Enzyme  Systems* 


Catalytic  System 

Percentage  of 
Total  Protein 

Reference 

Adenosinetriphosphatase  (myosin) .  .  . 
7.ym  nheya.se  (myogen) . 

50-60 

2 

0.4 

O.09-O.3 

0.5  -1.0 

Engelhardt  (11) 
Herbert  (102) 
Straub  (15) 

Stotz  (92) 

Millikan  (103) 

T.arHr  HphvHropenase . 

P  vt  nr Vi  romp  C!  . 

Mynglnhin  . 

*  There  are,  at  present,  forty  additional  known  enzyme  systems  in  the  muscle  cell  (9).  Their 
relative  concentrations  are  unknown.  It  is  evident,  however,  that  practically  all  of  the  cell  pro- 
teins  are  constituents  of  active  catalytic  systems. 


each  reaction  and  an  important  example  of  each  type,  including  mention  of  the 


coenzymes  and  cofactors  involved. 

1.  Oxidation  (oxidoreduction) 

2.  Decarboxylation  (oxidative  and  non- 
oxidative) 

3.  Carbon  dioxide  assimilation  (addi¬ 
tion  of  C02) 

4.  Phosphorylation  and  phosphorolysis 


5.  Intramolecular  phosphate  transfer 

6.  Deamination 

7.  Amina tion 

8.  Transamination 

9.  Hydrolysis 


1.  Oxidation. — The  term  “oxidation”  may  be  applied  to  a  reaction  when  there 
is  (a)  the  addition  of  oxygen  atoms  to  a  substance,  ( b )  the  removal  of  hydrogen 
atoms  from  a  substance,  or  (c)  the  removal  of  electrons  from  a  substance  U3,  Hi- 
The  transformation  of  lactic  to  pyruvic  acid  is  such  a  reaction  and  may  be  in  1- 

cated  as  follows: 

1  mol.  lactic  acid  -  2  hydrogen  atoms  =  1  mol.  pyruvic  acid 


The  hvdroeen  is  not  given  off  in  gaseous  form  but  rather  in  the  form  of  hydrogen 

2 si. ^1, _ l ... «ch h,hT. “  - 

leased.  The  correct  chemical  notation  for  this  reaction  1 


CH3  •  CHOH  •  COOH  -  2H+  - 


2.  ^  CH3  •  CO  •  COOH 
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Since  this  particular  oxidation  consists  of  the  removal  of  hydrogen  atoms,  it  is 
often  referred  to  as  a  “dehydrogenation.” 

Lactic  acid,  dissolved  in  H20  and  with  free  access  to  oxygen  at  37? 5  C.,  will  be 
oxidized  to  pyruvic  acid  at  such  a  slow  rate  as  to  be  hardly  measurable.  But  when 
a  specific  protein  derived  from  animal  or  plant  cells  is  added  to  the  solution,  sig¬ 
nificant  amounts  of  pyruvic  acid  appear  in  a  matter  of  minutes  (15).  This  influ¬ 
ence  of  the  activating  protein  or  enzyme  may  be  regarded  as  one  which  loosens  the 
bonds  joining  the  two  hydrogen  atoms  to  the  second,  or  aC,  atom  of  the  lactic  acid 
molecule.  More  accurately  stated,  the  activating  protein  changes  the  form  of  the 
electron  energy,  uniting  the  hydrogen  and  carbon  in  such  a  way  as  to  increase  the 
tendency  of  the  hydrogen  atoms  to  fly  off  (16).  Thus,  any  suitable  chemical  sub¬ 
stance  which  can  bind  the  hydrogen  atoms  (hydrogen  acceptor)  will  remove  the 
“loosened”  hydrogen  from  the  orbit  of  the  lactic  acid,  leaving  pyruvic  acid  (Fig. 
5)  (17,  18,  19). 

The  hydrogen  acceptor  necessary  for  the  above  reaction  is  diphosphopyridine 
nucleotide  (DPN)  (Fig.  6)  (15)-  This,  then,  is  the  coenzyme  which,  together  with 
the  protein,  makes  up  the  lactic  acid  oxidase  (or  dehydrogenase)  system.  Despite 
this  nomenclature,  however,  the  system  is  reversible  and  will  actually  reduce  py¬ 
ruvic  acid  to  lactic  acid  under  the  proper  conditions  (17).  The  direction  of  the  reac¬ 
tion  depends  largely  on  whether  the  DPN  is  present  in  its  oxidized  or  reduced  form 
(as  DPN  or  as  H2DPN),  which,  in  turn,  depends  upon  whether  other  systems  which 
can  remove  the  hydrogen  from  DPN  are  present  (20,  21).  For  example,  the  activ¬ 
ity  of  the  lactic  acid  oxidase  system  in  the  living  animal  is  most  frequently  ob¬ 
served  during  relative  or  absolute  anoxia  in  skeletal  muscle,  when  the  FLDPN 
cannot  readily  be  reoxidized  and  hence  serves  to  convert  pyruvic  acid  to  lactic 

acid.  In  chemical  notation  the  reaction  may  therefore  be  represented  somewhat 
more  completely,  as  follows: 

^TT  _  activating 

CHJ  ’  CH0H  •  COOH  +  DPN^Z==iCHJ  •  CO  •  COOH  +  H,DPN 

protein 


While  the  activating  protein  of  the  lactic  acid  oxidase  system  is  comnletelv 

5).  Each  of  these  reactions  is  catalyzed  hv!  .  other  reactions  (see  Table 
nation  with  DPN  Some  biolosiral  n  'd  )  seParate  activating  protein  in  combi- 

•1  p«».  »d  “f  «Ti“:le<1  * b>- 

of  pyndinoprotein  enzymes  (22  22)  Annth  wo  SrouPs  constitute  the  class 

known  as  the  “yellow  enzvmes”  nrnt  '  ^  j5r°Up  of  oxldation  systems  are 

a,  -hi*  l 


CHa  •  CHOH  •  COOH  + 

(lactic  acid) 


ENZYME  PROTEIN 


+  DPN 

(coenzyme) 


It 


CHa -CO -COOH  + 

(pyruvic  acid) 


ENZYME  PROTEIN 


+  DPN-H2 

(reduced  coenzyme) 


action  between  the  free  groups  of  both. 
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The  various  oxidation  systems  that  have  been  listed  are  responsible  for  the  re¬ 
moval  of  hydrogen  from  all  substrates  and  intermediate  substances  whose  meta¬ 
bolic  fate  is  known.  The  hydrogen  removed  from  the  original  owner,  while  under 
the  influence  of  a  specific  protein,  is  simply  transferred  to  the  coenzyme  of  the 
system,  be  it  DPN,  TPN,  or  an  alloxazine.  It  will  be  noted  that  no  mention  has 
been  made  of  the  appearance  of  oxygen  upon  the  scene.  As  a  matter  of  fact,  the 

H 


NICOTINAMIDE 


RIBOSE 


C-C  ADENINE 
I  I 

N  NH2 


RIBOSE 


PHOSPHATE 

pyrWine^nudeottde^rPNJ^lffere^from'^P^N^^  H  =  ' Mrogen  atoms  from  substrate.  (Triphospho- 
ribose  units  of  the  molecule )  “  P°SSeSSlng  an  addltional  Phosphate  group  between  the 


TABLE  5 

OXIDOREDUCTIQN  REACTIONS  AND  THE  COENZYMES  OPERATIVE  IN  THEM 


Reaction 


Lactate*=iPyruvate . 

Alcohols  Aldehyde 
^hydroxybutyrate^Acetoacetate 
GIucose^Gluconic  acid. 
Malate^Oxalacetate 

Glutamate^a-ketoglutarate . 


tj  acid«=£a-keto  acid. 

H2TPNi^TPN _ 

Xanthines  Uric  acid. .'  ’ 

Aldehydes^  Acids . 

Fumarate-*  Succinate . 


Flavin 

Flavin 

Flavin 

Flavin 

Flavin 


Reference 


Straub  (15) 
Lutwak-Mann  (26) 
Green  (27) 

Harrison  (28),  Das  (29) 
Green  (19) 

Euler  (30) 

Warburg  (31) 


^rbu/g  (32,  33) 

Adler  (34) 

Dewan  (35) 

Krebs  (36),  Warburg  (37) 
Haas  (38) 

Ball  (39) 

Booth  (40),  Gordon  (41) 
Fischer  (42,  43) 
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hydrogen  seized  by  the  coenzyme  is  passed  on  through  a  series  of  other  systems,  in 
the  manner  of  a  bucket  brigade,  before  it  finally  arrives  at  the  point  where  it  may 
combine  with  oxygen  to  form  H20.  This  will  be  discussed  in  detail  later  (p.  41). 

2.  Decarboxylation. — Carbon  dioxide  is  one  of  the  end-products  of  the  complete 
breakdown  of  foodstuffs.  It  is  not  formed,  as  was  formerly  thought,  by  the  direct 
oxidation  of  the  carbon  by  molecular  oxygen  but  arises  from  the  splitting-off  of 
carboxyl  groups  (— COOH)  from  intermediate  organic  acids  which  arise  in  the 
course  of  catabolism  (7).  The  exact  mechanism  of  decarboxylations  is,  as  yet,  ob¬ 
scure;  but  we  can  distinguish  two  types:  the  oxidative  and  the  non-oxidative.  In 
the  first  of  these  the  C02  is  split  off  a  molecule  while,  at  the  same  time,  hydrogen 


PHOSPHATE 


H 

O 

I 


H 

O 


CH2 — O— P-O— P-0 — ch2 


CHOH  O  O 


CHOH 


RIBOSE  CHOH 

CHOH 

I 

ch2 


/\/NVN\ 


,N> 


H 


ALLOXAZINE 


H3C- 


h3c- 


CHOH  RIBOSE 

CHOH 

I 

ch2 

N-C-N 


OO 


NH  HC  C-N 


CH  ADENINE 

// 


H 


C 

ll 

O 


l  I 
N=C-NH2 


Fig.  7. — Alloxazine  adenine  dinucleotide  (flavin).  H  =  hydrogen  atoms  from  substrate 

atoms  are  removed  from  another  group  in  the  same  substance,  For  example, 
atoms  are  ro.COOH  containing  three  carbon  atoms,  is  oxidized  to 

pyruvic  a^kC^*™;rains  oily  two  carbon  atoms,  the  third  having 
been^spht  off  as  C02  (*,  4S>-  *  chemical  notation  this  double  process  of  oxida¬ 
tion  plus  decarboxylation  can  be  presented  as  follows. 


O 

CH3  •  C-  COOH  +  H20 

Pyruvic 


OH 

CH,  •  C>  COOH  -  (2H+  +  2«) 

\ 

OH 


O 

/ 

ch3  •  c  +  C02 

Acetic^ 

OH 


In  the  second  type  of  decarboxylation  there  is  no  concurrent  oxidation.  Again 
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using  pyruvic  acid  as  an  example,  this  type  of  decarboxylation  proceeds  as  follows 

(46,  47) : 

CHj  •  CO  •  COOH  -»  CH,  •  CHO  +  CO, 

Pyruvic  Acetaldehyde 

Just  as  in  the  oxidations,  the  various  decarboxylations  are  catalyzed  by  specific 
activating  proteins,  and  the  process  is  aided  by  coenzymes  and  cofactors.  The  co¬ 
enzyme  needed  for  the  decarboxylation  of  pyruvic  acid  is  diphosphothiamine 
(also  called  “cocarboxylase”)  (Fig.  8).  Magnesium  ion  is  also  an  essential  compo¬ 
nent  as  a  cofactor  in  the  foregoing  systems  (46,  48,  49). 

N=CH 

H3C-C  C-CH2-N - C-CH3  OH  OH 

I!  II  II  II  II 

N-C-NH2  C  C-CH2-CH2-0-P-0-P-OH 

I  \  /  II  II 

H  O  O 

Fig.  8. — Diphosphothiamine  (cocarboxylase) 

Although  the  splitting-off  of  C02  is  not  so  well  understood  a  process  as  is  oxida¬ 
tion,  a  number  of  substances  are  known  to  undergo  this  process  (Table  6).  It 
seems  quite  definite  that  in  all  cases  the  production  of  metabolic  C02  proceeds  in 
the  fashion  detailed  for  pyruvic  acid. 

TABLE  6 

Decarboxylations  in  Intermediary  Carbohydrate  Metabolism 

Reaction  Reference 

Pyruvate  ->  Acetate  +  C02 .  Lipmann  (44) 

Pyruvate  ->  Aldehyde  +  C02 .  Green  (48) 

Pyruvate  Acetylmethylcarbinol  +  C02 _  Green  (<o) 

Oxa, acetate  -  Pyruvate  +  CO, .  Werkmanand  Wood  (5r) 

Isocitrate  a-ketoglutarate  +  C02 .  Krebs  (7) 

a-ketoglutarate  ->  Succinate  +  C02 .  Ochoa  (52) 

3.  Carbon  dioxide  assimilation.— It  has  been  known  for  some  time  that  CO 
produced  by  the  dissimilation  of  foodstuffs  may  combine  with  hemoglobin  (car- 
bamino  compound)  (53)  or  may  be  used  for  the  production  of  urea  (34)  It  was  sim 
posed  that  by  these  and  other  means  all  the  CO,  produced  by  the  mlmmZ' 
organ, sm  was  eventually  excreted  by  the  lungs  and  the  kidneys.  Only  p7anS  or 
certa  n  autotrophic  bacteria  were  thought  to  possess  the  ability  to  incorporate 

teria? :  us bl:  r  rducts  (si)- in  1936  this  ^  ^"7^ 

01  ,  55,  5  .  atCr  !l  was  “"firmed  for  mammalian  tissue  (especially  liver-) 

58)  that  certain  vn  vitto  reactions  nnrlf>rrr/-\rvn  k  **  y  )  v,57> 

bon  atoms  (the  trioses)  could  be  speeded  up  if  ^(!°mp0unds  ““taining  three  car- 
was  shown  that  this  was  not  a  consequence  of  the  PreSeIU  “ thC  medium- 11 

the  CO,  took  part  in  the  reactions  and  6  PreSenCe  °f  COa  but  that 

(5L  58).  S  ^  WaS  mcorP°rated  into  other  substances 
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Again  pyruvic  acid  will  serve  as  a  good  example.  In  the  presence  of  the  specific 
proteins,  diphosphothiamine,  inorganic  phosphate,  and  magnesium  ion,  pyruvic 
acid  (a  three-carbon-atom  compound)  and  C02  will  form  oxalacetic  acid  (a  four- 
carbon-atom  compound) : 

CHj  •  CO  •  COOH  +  C02  COOH  •  CH2  •  CO  •  COOH 
Pyruvic  Oxalacetic 


This  is  probably  the  first  step  in  the  series  by  which  pyruvic  acid  (or  lactic  acid) 
is  reconverted  to  sugar  and  glycogen  (59,  60,  61). 

The  use  of  C02  for  synthetic  purposes  by  the  mammalian  cell  is  only  now  being 
studied  in  detail.  But  it  has  already  taken  on  tremendous  significance,  since  it 
completely  reverses  the  hitherto  firmly  accepted  view  that  C02  is  merely  a  waste 
product  of  animal  metabolism  (7,  51).  It  particularly  affects  our  outlook  on  in¬ 
direct  calorimetry  (p.  96). 

4 a.  Phosphorylation—  Early  in  the  development  of  our  knowledge  of  the  en¬ 
zymatic  breakdown  of  carbohydrates  it  was  shown  that  the  presence  of  phosphate 
was  necessary  for  the  fermentation  of  glucose  by  yeast  extracts  (62)  and  for  the 
breakdown  of  sugar  that  takes  place  in  active  muscle  extracts  (63).  It  was  later 
demonstrated  that  the  phosphate  is  used  for  the  formation  of  various  intermedi¬ 
aries  of  carbohydrate  breakdown  which  were  shown  to  contain  phosphate  in  their 
molecules  (63,  64).  Among  such  metabolites  are  the  glucose  and  fructose  mono¬ 
phosphates,  fructose  diphosphate,  glyceraldehyde  phosphate,  etc.  (cf.  p.  5°)- 
The  role  of  these  phosphorylated  intermediate  substances  in  facilitating  certain 
reactions  and  in  the  transfer  of  energy  from  one  chemical  reaction  to  another  has 
only  recently  been  elucidated.  We  shall  discuss  these  aspects  in  detail  in  the  sec¬ 
tion  dealing  with  the  utilization  of  metabolic  energy  (chap,  iv,  p.  60).  For  the 
present  it  will  suffice  to  present  the  mechanics  of  phosphorylation  by  suitable  ex- 


The  first  step  in  the  series  of  reactions  by  which  sugar  enters  the  metabolic 
cycle  of  the  cell  is  the  addition  of  phosphate  (P)  to  the  sixth  carbon  atom  of  the 
glucose  molecule  (65,  66).  The  enzyme  necessary  for  this  initial  reaction  in  anima 
tissues  has  not  yet  been  purified,  but  it  apparently  activates  the  gluc"le™le 
in  such  a  way  that  it  can  receive  a  phosphate  from  a  suitable  source.  The  p  - 
nhate  donor  In  this  case  is  adenosine  triphosphate  (ATP)  (Fig.  9),  which  is  the 
coenzyme  of  this  phosphorylation  reaction.  In  chemica.  notation  the  reaction  may 

be  represented  as  follows: 

(6)  CH2OH  f Hz ' 0  ’  P°3H 


H 


C  —  O  „ 

I  \  | 
y  H  C  +ATP 

oh\  L  __  / 0H 

I  I 

H  OH 


C  — O 
I 

H 


H 


H 

oWj*  l  /oh 


c  +ADP 


ENZYMATIC  MACHINERY  OF  CARBOHYDRATE  METABOLISM  35 

The  coenzyme  ATP  has  two  phosphate  groups,  which  can  be  split  off  easily  in 
the  presence  of  the  suitable  enzymes  (67,  68) : 

ATP  — » ADP  — >  AA  (adenylic  acid) 

+  + 

P0  P0  (inorganic  phosphate) 

But  the  amount  of  ATP  present  in  the  cell  at  any  one  time  is  very  small  as  com¬ 
pared  to  the  amount  of  material  to  be  phosphorylated.  Hence  ADP  and  AA  must 
be  continuously  reconverted  to  ATP  (p.  60)  in  order  that  the  latter  can  serve  as 
a  continuous  phosphate  donor.  The  central  position  of  this  adenylic  system  for  re¬ 
ceiving  and  donating  phosphate  groups  is  illustrated  in  Figure  10,  in  which  the 
direction  of  the  arrows  represents  the  direction  of  phosphate  transfer. 
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Fig.  9.— The  coenzyme  system  for  phosphorylations 

Jb  Phosphorolysis.  Glycogen  is  a  complex  molecule  consisting  of  glucose 

link,  COnnected,to  one  anjther  by  glucosidic  (C-O-C)  linkages.  Two  types  of 
ages  occur,  the  1:4  and  the  1:6  (69,  70),  as  illustrated  in  figure  n  The  elv 

purified  system  is  the  i  -a  b  g  •  The  better  studied  and  now 

In  the  presenre  of  ^norgmih;nphosDhate'fln|^S  1  g  ^C0^e*i  •^'1°S^0r^aSe”  ^I’ 

action  by  which  orthophosphoric  acid  (H  ^  Catal^zes  a  re~ 

itfS  :rrrs;;r  ri" f ~  -  JWSSs 

(h-ohi  ,ta, 
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added.  Because  of  this  analogy  the  name  “phosphorolysis”  (compare  with  hy¬ 
drolysis)  is  given  to  this  type  of  reaction  (104,  105,  106).  The  reaction  is  visualized 
in  Figure  12.  The  1 :6  linkage  is  probably  broken  in  a  similar  manner  by  the  1:6 
phosphorylase  (70,  72). 

Phosphorolysis  is  reversible.  The  direction  of  the  reaction  is  determined  by  the 
relative  concentrations  of  glucose- i-phosphate  and  inorganic  phosphate,  so  that 
removal  of  inorganic  phosphate  favors  glycogen  synthesis,  while  addition  of  in¬ 
organic  phosphate  hastens  glycogen  breakdown  (73,  74).  There  is  evidence  that 
this  is  one  of  the  regulating  devices  of  glycogenolysis  in  the  living  cell. 

PHOSPHATE  DONORS  PHOSPHATE  ACCEPTORS 


1 : 3-Diphosphoglycerate 

Phosphopy  ruvate - 

Acetyl  Phosphate - 

Creatine  Phosphate - 


-►-Glucose 


->-Hexose-6-Phosphate 


->-Pyruvate 


-^-Creatine 


Fig.  10. — Phosphate  transfer  by  the  adenylic  system 

5.  Intramolecular-phosphate  transfer.  During  the  degradation  of  g 
glycogen  certain  reactions  involving  phosphorus  occur  m  winch  a  P^sphate  group 
fheadv  nresent  in  the  molecule  is  transferred  to  another  portion  m  the  same 
molecule.  For  example,  glycogen  is  broken  down  into  a 

protein,  called  “phosphoglucomutase”  (75),  can  the”  trans|^  ^ie  phosphate  group 
to  carbon  atom  6,  the  resulting  substance  being  glucose-6-phosphate  f  g 
reaction 
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is  reversible,  as  indicated;  and  its  necessary  cofactor  is  the  magnesium  ion  (75). 
These  two  phosphate  glucose  esters  differ  from  each  other  in  various  chemical 
properties  (76). 

A  similar  intramolecular  phosphate  transfer  occurs  in  the  reaction 
3-phosphoglyceric  acid  2-phosphoglyceric  acid  (77) 


6.  Deamination. — The  term  “deamination”  refers  to  the  removal  of  an  NH2 
(amino)  group,  generally  from  amino  acids.  Since  certain  amino  acids  form  glu¬ 
cose  in  the  body  and  since  the  removal  of  the  NH2  group  is  the  first  step  in  such  a 
transformation,  the  mechanism  of  deamination  is  pertinent  to  the  general  discus¬ 
sion  of  carbohydrate  metabolism. 
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Fig.  12. — Glycogen  phosphorolysis 


The  actual  loss  of  the  NH2  group  from  an  amino  acid  is  a  spontaneous  reaction 
not  requiring  an  enzyme  (36).  However,  the  amino  acid  must  first  lose  hydrogen 
before  it  can  react  with  H20  to  lose  the  NH2  group  (36).  Hence  the  whole  process  is 
called  an  “oxidative  deamination.”  For  example,  an  enzyme  system  known  as 
“amino  acid  oxidase,”  consisting  of  a  protein  and  a  coenzyme  of  the  alloxazine 
group,  removes  two  hydrogen  atoms  from  the  aC  atom  of  alanine  (36,  37). 

a  -2II 

CH,  •  CHNH2  •  COOH - y  CH3  •  C  :  NH  •  COOH 

Amino  acid  Imin0  acld 


The  resulting  substance  is  known  as  an  imino  acid  because  of  the  NH  or  immo 
group.  Such  an  acid  will  react  with  H20  as  follows: 


CH3 — C 


NH— COOH  +  H20 


CH3  •  CO  •  COOH  +  NH3 
Pyruvic  acid  Ammonia 
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The  final  result  is  the  formation  of  pyruvic  acid  and  ammonia  (37).  The  NH3 
produced  may  be  excreted  as  such  or  transformed  to  urea.  The  pyruvic  acid  is 
either  oxidized  to  CO,  +  H,0  or  built  up  into  glucose  or  glycogen. 

7.  Amination. — The  synthesis  of  amino  acids  from  the  corresponding  keto 
acids  and  ammonia  has  been  suggested  from  model  in  vitro  experiments  (78),  and 
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Fig.  13— Intramolecular  phosphate  transfer 


one  enzyme  preparation  has  been  shown  to  be  able  to  form  glutamate  from 
a-ketoglutarate  plus  NH3  (79)  : 
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essential  amino  acids  (82, 83)  Thus  NH  liLTfi  *i  SUbstItuted  ln  the  diet  f°r  the 

waste  product,  is  now  known  to  be  aSt  5^’  ^  *°  be  mereIy  * 

tion  again.  This  must  be  taken  into  account  when  tu the  metabolic  <*&  and  func- 
is  used  as  an  index  of  protein  catabolism  (p.  127).  6  Unnary  eXCretlon  of  nltrogen 
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8.  Transamination .  Another  type  of  reaction  involving  amino  acids  and  re¬ 
lated  to  carbohydrate  metabolism  is  the  mutual  exchange  of  amino  and  keto 
groups  between  certain  a-keto  acids  (derived  from  carbohydrate  breakdown)  and 


certain  specific  amino  acids  (84,  85,  86).  For 
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This  interchange  is  another  link  between  carbohydrates  and  protein  derivatives 
and  provides  a  means  for  the  transformation  of  one  amino  acid  into  another.  It 
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Fig.  14. — Hydrob'sis  of  sucrose 


H  OH 


probably  also  represents  a  channel  through  which  the  amino  acids  contribute  to 
the  common  metabolic  pool  formed  by  all  the  foodstuffs  (see  p.  54)- 

0  Hydrolysis— This  type  of  reaction  is  very  common  in  the  processes  of  diges¬ 
tion  in  the  gastro-intestinal  tract.  Water  is  added  to  a  molecule  in  such  a  way  that 
the  molecule  is  split  into  two  portions,  one  receiving  the  H,  the  other  the  OH 
group  of  the  H,0  (9,  87).  Thus  sucrose,  a  disaccharide  consisting  of  one  molecu  e 
Of  glucose  and  one  of  fructose,  is  split  into  its  constituent  hexoses  by  the  enzyme 
invertase  (88).  The  glucosidic  linkage  is  opened  by  the  entry  of  the  elements  o 

H.O  (Fig.  14)- 
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Other  examples  of  hydrolysis  are: 

Lactose  ^  Glucose  -f  Galactose 
Maltose  5^  Glucose  +  Glucose 

However,  many  reactions  which  formerly  were  thought  to  be  examples  of  hy¬ 
drolysis  have  recently  been  shown  to  be  phosphorolysis,  e.g.,  glycogen  breakdown 
(see  p.  35). 


THE  OXIDATION  OF  THE  HYDROGEN  REMOVED  FROM  THE  SUBSTRATE 

The  final  products  of  metabolism  are  substances  which  cannot  be  broken  down 
further  by  the  tissue  cells.  These  are  urea,  C02,  and  H2.  Of  these,  urea  and  C02  are 
excreted  via  the  kidneys  and  lungs,  respectively.  The  problem  that  remains  is  the 
final  fate  of  the  H2  removed  from  the  foodstuffs  by  the  coenzymes  (hydrogen  ac¬ 
ceptors).  To  the  best  of  our  present  knowledge  the  sequence  of  events  is  as  shown 
in  Figure  15.  The  coenzymes  are  DPN,  TPN,  and  flavin.  Although  we  are  not  in 
full  possession  of  all  the  details,  it  may  safely  be  assumed  that  the  reduced  pyri¬ 
dine  nucleotides  are  relieved  of  their  H2  by  flavin  enzymes  (20,  38,  89).  A  final 
common  path  for  H2  is  reached,  and  all  of  it  exists  as  Flavin  :H2  for  an  instant. 
The  scene  shifts  now  to  a  series  of  iron-containing  proteins,  the  cytochromes  (90, 
91,  92),  and  the  “respiratory  ferment”  known  as  “cytochrome  oxidase”  (93,  94, 
95).  The  iron  in  these  substances  is  in  organic  combination,  in  a  group  resembling 

the  heme  of  hemoglobin  (91)-  The  iron  can  oscillate  between  the  reduced  and  oxi¬ 
dized  form 

—  6 

Fe++  Fe+++ 

+  « 


by  the  addition  or  loss  of  an  electron.  The  H2  of  the  foodstuffs,  having  arrived  at 
the  flavin  stage,  reacts  with  the  oxidized  cytochrome  i 

Flavin  H2  +  CyFe+++-+  CyFe++  +  Flavin  +  H+ 

The  electron  reduces  CyFe+++,  while  the  H+  remains  in  the  medium.  The  reduced 
cytochrome  (CyFe++)  reacts  with  cytochrome  oxidase: 

CyFe++  +  OxFe+++  — ►  OxFe++  +  CyFe+++ 

This  serves  to  restore  the  oxidized  cytochrome  and  to  reduce  the  oxidase  This 
oxidase  is  unique  in  that  it  can  react  with  molecular  oxygen  dissolvedt  the  ceU 
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Fig.  15. — Transfer  of  hydrogen  from  substrate  to  molecular  oxygen 
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The  series  itself  has  been  a  succession  of  electron  transfers  in  which  every  step  has 
tended  to  restore  the  previous  step  to  its  original  state. 


CATALYSIS  BY  METABOLITES 

In  our  previous  discussion  of  the  oxidation  of  substrates  we  emphasized  the  role 
of  the  so-called  “coenzymes”  as  hydrogen  and  electron  transporters.  They  func¬ 
tion  in  this  way  because  of  their  ability  to  be  reduced  and  then  to  be  reoxidized  so 
that  they  may  serve  again.  Many  substances  of  a  similar  nature  (e.g.,  dyes  like 
methylene  blue)  can  function  as  electron  mediators  in  certain  in  vitro  biological 
systems  under  suitable  conditions  (96,  97,  98).  These  are  artificially  constructed 
pathways.  The  cell  contains  certain  oxidoreduction  couples  that  can  and  do  act 
like  the  coenzymes  or  the  dyes  (99).  For  example,  let  us  again  consider  the  oxida¬ 
tion  of  lactate  to  pyruvate.  Diphosphopyridine  nucleotide  serves  as  the  coenzyme 
and  is  reduced  thereby  to  DPN-H2.  The  latter  is  reoxidized  by  flavin,  which  be¬ 
comes  Flavin -H2.  The  reduced  flavin  may  be  reoxidized  directly  by  a  cytochrome, 
or  it  may  be  reoxidized  by  the  couple  Fumarate^  Succinate.  The  succinate,  in 
turn,  is  reoxidized  to  fumarate  by  a  specific  enzyme  and  cytochrome  C.  The  pic¬ 
ture  of  events  is  as  follows: 


f  DPN 
Lactate  < 


{  DPN  •  H2 


Flavin 

U 

Flavin 


t  umarate 

ft 

Succinate  > 


Pyruvate 


It  is,  therefore,  possible  for  a  pair  of  metabolites  to  serve  as  electron  and  hydrogen 

mediators  in  a  fashion  analogous  to  coenzymes  (6,  99).  This  explains  why,  under 

certain  conditions,  a  very  small  amount  of  succinate  or  fumarate  will  stimulate 

oxygen  consumption  100,  10,).  The  phenomenon  is  referred  to  as  the  “catalysis 
by  C4  dicarboxyhc  acids”  (99,  rot).  cataiysrs 
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CHAPTER  III 


THE  INTERMEDIARY  STEPS  IN  CARBO¬ 
HYDRATE  METABOLISM 


OUR  knowledge  of  the  intermediary  steps  in  carbohydrate  breakdown  and 
I  synthesis  is  by  no  means  complete.  However,  many  lines  of  evidence 
derived  from  studies  in  vivo  and  in  vitro  in  animals  and  in  plants  are  con¬ 
verging  toward  a  generally  accepted  scheme  (i,  2,  3).  This  scheme  is  outlined  in 
Figures  16  and  17,  which  include  the  most  thoroughly  studied  and,  in  all  probabili¬ 
ty,  the  most  important  pathways.  Others  have  been  suggested  and  discarded  from 
time  to  time.  But,  of  these,  only  certain  pathways  for  which  some  evidence  exists 
will  be  mentioned.  It  should  be  remembered  that  the  present  scheme  is  subject  to 
revision  as  to  detail  as  new  data  appear  and  that  it  may  not  apply  in  its  entirety 
to  all  organs  or  tissues  which  utilize  carbohydrates  (1).  One  or  another  of  the  en¬ 
zyme  systems  may  be  missing  in  a  particular  tissue,  thus  modifying  the  inter¬ 
mediates  or  the  end-products.  The  scheme,  therefore,  should  be  regarded  merely 
as  an  architect’s  preliminary  sketch,  showing  the  general  size  and  shape  but  not 

the  final  plans  of  the  edifice  to  be  erected. 

It  may  be  seen  from  Figures  16  and  17  that  the  orderly  progression  of  carbo¬ 
hydrate  breakdown  can  be  divided  conveniently  into  two  parts:  (1)  down  to  the 
stage  of  pyruvic  (or  lactic)  acid  and  (2)  the  reactions  below  pyruvic  acid.  The  first 
stage  is  characterized  by  the  phosphorylation  of  a  glucose  unit  (as  such  or  rom 
glycogen)  to  hexose-i : 6-diphosphate,  which  is  then  cleaved  into  a  pair  of  p  os- 
phorylated  three-carbon-atom  units  (4).  At  this  point  the  first  oxidative  step  oc¬ 
curs  via  DPN.  Then  the  molecule  is  rearranged,  loses  its  phosphate,  and  emerges 
as  pyruvic  acid.  The  over-all  reaction  up  to  this  point  can  be  expressed  as  o  ows. 

C6Hi206  +  ATP  +  2 (DPN)  — »  2  CH3  •  CO  •  COOH  +  2(ATP)  +  2(DPN  •  H,) 


It  should  be  noted  that  one  molecule  of  ATP  was  used  for  phosphory  ation  but 
tha  wo  molecules  were  formed  as  a  result  of  the  oxidation  of  phosphoglyoeralde- 
hvde  and  the  dephosphorylation  of  phosphopyruvic  acid,  respectively.  This  gam 
fn  ATP  represents  the  useful  energy  of  catabolism,  as  will  be  discussed  ,n  detail 
7  T  ff  1  Meanwhile  two  molecules  of  DPN  have  been  reduced,  and  in 
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the  pyruvic  acid  accepts  the  hydrogen  of  the  DPN-H2  and  is  thereby  reduced  to 
lactic  acid.  These  two  alternatives  may  be  indicated  as  follows: 

(1)  2(DPN  •  Ha)  +  Flavin  +  Cytochrome,  etc.  +  02  — >  2(DPN)  +  2H20 

(2)  2(DPN  •  H2)  +  2CH3  •  CO  •  COOH  ->  2(DPN)  +  2CH3  •  CHOH  •  COOH 


Thus  it  is  clear  that  lactic  acid  is  not  an  obligatory  intermediate  of  carbohydrate 
metabolism.  But  the  breakdown  of  hexoses  to  lactic  acid  (glycolysis)  can  produce 
useful  energy  and  can  sustain  cell  functions  during  short  periods  of  relative  or  ab¬ 
solute  anoxia. 

The  last  step  above  pyruvic  acid,  namely,  phosphopyruvic  to  pyruvic  acid, 
probably  differs  from  all  the  others  in  being  irreversible.  It  is  thought  that  when 
pyruvic  acid  is  used  for  carbohydrate  synthesis  it  is  first  transformed  to  phospho- 
oxalacetic  acid,  which  in  its  turn  forms  phosphopyruvic  acid,  thus  reversing  catab¬ 
olism  by  avoiding  the  one-way  step  (5,  6). 

Because  of  the  many  alternative  pathways  which  exist  below  pyruvic  acid,  the 
course  of  its  breakdown  to  C02  and  H20  is  far  more  complex  than  the  degradation 
of  glucose  to  pyruvate.  Only  the  more  important  pathways  are  indicated  in  Figure 
17.  The  orientation  toward  one  or  another  path  at  a  particular  time  will  be  deter¬ 
mined  by  the  equilibrium  conditions,  availability  of  catalysts,  etc.  Despite  this 
confusing  multiplicity  there  has  emerged  from  the  work  of  Szent-Gyorgyi  (7), 
Krebs  (2),  Barron  (1,  8),  Wood  and  Werkman  (9),  and  Evans  (10)  a  principal 
scheme  of  pyruvate  breakdown  to  C02  +  H20  which  is  logically  consistent  and 
which  helps  to  integrate  the  separate  metabolisms  of  the  three  major  foodstuffs. 

This  scheme,  the  so-called  tricarboxylic  acid  cycle,”  envisages  the  formation 
of  a  six-carbon-atom  acid  (isocitric?)  by  the  condensation  of  one  molecule  of 


pyruvate  with  one  molecule  of  oxalacetate.  The  oxalacetate  is  itself  formed  from 
pyruvate  by  the  addition  of  C02  (p.  34)  or  by  the  deamination  of  aspartic  acid. 
The  isocitrate  formed  goes  through  a  cycle  of  oxidations  and  decarboxylations  un¬ 
til  one  molecule  of  oxalacetate  is  regenerated.  The  latter  can  then  start  the  cycle 
off  again  It  will  be  noted  that  the  cycle  begins  with  one  molecule  of  oxalacetate 
and  one  of  pyruvate  and  ends  with  one  molecule  of  oxalacetate.  In  other  words  in 
one  revolution  of  the  cycle  a  molecule  of  pyruvate  has  been  dissimilated,  Jnd 

follo'ws  d  3  C0’  haVC  bee"  pr0duced'  The  over-al1  reaction  can  be  written  as 


i  oxalacetate  -f-  1  pyruvate  -f-  3H20 


5H2  +  3C02 

5H.0 


JSSTSn? tto'd6  rStCPS  iS  n0t  COmpletely  understood,  but  there  is 

tion,  ^  “Upl!d  ^  phosphoryla- 

y  °rmed  W,  11,  12)  (for  significance  see  chap.  iv). 
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Fig.  i 6. — Intermediary  steps  to  pyruvic  acid 
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THE  FINAL  COMMON  PATHWAY  OF  METABOLISM 

The  tricarboxylic  acid  cycle  may  assume  a  significance  far  beyond  its  function 
in  carbohydrate  breakdown.  Many  amino  acids  may  be  transformed,  directly  or 
indirectly,  into  one  of  the  constituents  of  the  cycle.  Conversely,  amination  of  the 
members  of  the  cycle  leads  to  the  building  of  amino  acids.  Furthermore,  the  recent 
work  of  Wieland  (13,  14)  and  of  Breusch  (15)  suggests  that  acetoacetic  acid,  de¬ 
rived  mostly  from  fatty  acids,  may  condense  with  oxalacetic  acid  to  enter  the  same 
cycle.  Pyruvic  and  oxalacetic  acids  and  their  derivatives  may  therefore  be  re¬ 
garded  as  forming  the  hub  of  the  metabolic  apparatus  of  the  cell.  The  cycle  is 
probably  the  final  common  pathway  for  carbohydrate,  protein,  and  fat,  as  well  as 
the  locus  for  interconversions  between  the  three  foodstuffs  (Fig.  18).  With  this  in 
mind,  much  of  the  older  controversy  as  to  the  interconvertibility  of  the  foodstuffs 
(e.g.,  fat  to  carbohydrate)  becomes  pointless  (see  chaps,  xii  and  xiii). 


ALTERNATIVE  PATHWAYS 

While  the  overwhelming  mass  of  evidence  supports  the  metabolic  scheme  out¬ 
lined  above,  there  are  strong  indications  that  alternative  pathways  may  exist. 
For  example,  in  certain  lower  animal  forms  (fungi  and  bacteria),  glucose  may 
break  down  without  the  intercession  of  phosphorylations  (16,  i7).Non-phosphoryl- 
ative  glycolysis  does  not  seem  to  be  significant  in  vertebrate  tissues  so  far  as  they 
have  been  examined  (18).  On  the  other  hand,  there  is  indirect  evidence  that  (un¬ 
der  special  circumstances,  in  brain  and  skeletal  muscle)  the  hexoses  may  be  com¬ 
pletely  oxidized  to  C02  and  H20  without  the  intervention  of  the  steps  leading  to 
pyruvate  formation  (19,  20,  21).  It  has  been  shown  that  complete  oxidation  pro¬ 
ceeds  unhampered  in  the  presence  of  special  inhibitors  which  stop  glycolysis  com¬ 
pletely.  Although  the  alternate  pathway  has  not  been  established,  there  is  some 
evidence  to  support  the  theory  that  hexose-6-phosphate  may  be  oxidized  directly 
(22,  23).  Figure  19  is  a  schematic  representation  of  this  hypothesis. 


CRITIQUE  OF  METABOLIC  SCHEMES 

The  goal  of  the  enzyme  chemist  is  to  separate  the  various  catalytic  systems  to 
pun  y  them,  to  establish  their  chemical  properties,  and  to  study  the  catalyzed 
reactions  m  a  homogeneous  medium  in  vitro.  This  analytical  outlook  and  proce- 

iTnervTthe  celr  '““T  >°  l°  °Ur  knowledSe  of  the  metabolfc  ma¬ 
chinery  of  the  cell,  m  so  far  as  the  detailed  properties  of  its  parts  are  concerned 

However,  as  in  any  other  organized  system,  the  mere  sum  of  the  parts  does  not  re 

geneous  ‘sZTsurilce  T”  “  “  ^  In  ^  Hving  Cel1’ which  is  not  a  homo- 
g  neous  system,  surface  phenomena,  interaction  between  enzyme  systems  and 

other  modifying  influences  may  interfere  with  certain  catalytic  systems  and  nro 
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Fig.  i  8. — The  final  common  pathway  of  metabolism 
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An  essential  characteristic  of  the  living  cell  is  that  its  metabolism  is  regulated. 
Of  course,  the  rates  of  reactions  in  the  cell  depend  upon  the  relative  concentra¬ 
tions  of  the  activating  proteins,  their  coenzymes,  and  the  mineral  elements  (P, 
Mg,  Fe,  etc.).  But  many  of  the  activating  proteins  in  the  carbohydrate  scheme 
seem  to  depend  for  their  activity  upon  sulphydryl  groups  (8,  24).  Oxidation  of 
these  groups  leads  to  a  loss  of  enzyme  activity.  It  is  therefore  probable  that  the 
glutathione  of  the  cell  serves  as  a  regulator  of  activity  for  many  systems. 
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Fig.  19.  Alternate  pathway  for  carbohydrate  dissimilation 
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hydrates  and  promoting  the  complete  oxidation  of  hexose  monophosphate;  and 
(4)  favoring  the  synthesis  of  ATP  from  inorganic  phosphate  and  thus  keeping  the 
inorganic  phosphate  concentration  of  the  cell  at  a  minimum  (this  would  inhibit 
glycogen  breakdown  and  phosphoglyceraldehyde  oxidation  [see  Fig.  16] ). 

Work  has  a  regulating  influence  on  metabolic  rates.  Oxygen  consumption  and 
carbohydrate  breakdown  are  immediately  increased  when  a  tissue  passes  from 
rest  to  activity.  In  muscle  the  stimulation  is  probably  due  to  the  liberation  of  in¬ 
organic  phosphate  from  ATP  and  CrP  which  occurs  during  contraction.  It  has 
also  been  suggested  that  qualitative  changes  in  cellular  respiration  occur  during 
work,  although  the  mechanisms  are  not  understood  (27,  28). 

The  hormones  must  participate  in  the  regulation  of  enzyme  reactions.  It  is  well 
known  that  the  over-all  rate  of  oxygen  consumption  of  an  animal  varies  with  the 
concentration  of  the  thyroid  hormone  in  the  blood.  The  rate  of  phosphorylation  of 
glucose  is  influenced  by  insulin  (p.  189).  The  question  of  mechanisms  in  respect  to 
hormone  action  is  practically  untouched. 

This  brief  and  very  incomplete  discussion  of  regulating  influences  serves  to  in¬ 
dicate  that  tables  and  diagrams,  outlining  a  neat  and  regular  procession  of  steps 
in  intermediary  metabolism,  are  not  true  pictures  of  cell  metabolism.  They  are 
merely  convenient  and  useful  integrations  of  the  data  from  a  large  number  of 
analytical  experiments.  At  the  present  time,  our  judgment  as  to  what  the  cell 
does,  as  opposed  to  what  it  can  do,  must  be  guided  by  the  results  of  the  physiologist 
and  biochemist,  working  with  intact,  living  animals,  organs,  or  tissues. 
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CHAPTER  IV 


THE  LIBERATION  AND  TRANSFER  OF  THE  ENERGY 
DERIVED  FROM  CARBOHYDRATE  BREAKDOWN 

THE  total  energy  available  from  the  complete  breakdown  of  a  molecule  of 
a  foodstuff  to  C02  and  H20  is  inherent  in  its  chemical  structure.  The  same 
amount  of  energy  would  be  necessary  to  synthesize  that  foodstuff  from 
C02  and  H20.  Hence,  the  energy  can  be  said  to  reside  in  the  chemical  bonds  which 
link  the  atoms  to  form  the  complex  molecule.  Different  chemical  bonds  vary  quali¬ 
tatively  and  quantitatively.  Some  bonds  are  more  stable  than  others  and  are 
therefore  less  reactive.  A  substance  held  together  largely  by  such  bonds  is  one 
from  which  the  energy  is  less  available  than  that  from  substances  with  unstable 
bonds.  Different  chemical  bonds  also  vary  in  the  amounts  of  energy  they  repre¬ 
sent.  In  general,  the  high-energy  bonds  tend  to  be  the  most  unstable  or  reactive. 

According  to  the  first  law  of  thermodynamics,  no  more  than  the  total  bond  en¬ 
ergy  of  a  substance  can  be  derived  from  its  complete  breakdown,  regardless  of  the 
pathway  or  the  number  of  intermediate  steps  through  which  this  occurs.  But  com¬ 
mon  experience  tells  us  that  the  form  of  the  energy  can  be  changed.  For  instance, 
the  living  organism  can  transform  the  original  chemical  energy  of  a  foodstuff  into 
mechanical  energy  (e.g.,  movement).  Physiologists  have  long  known  that  the  body 
also  produces  electrical  energy  (e.g.,  nerve  impulses).  When  the  chemical  or  bond 
energy  of  a  substance  is  released,  it  raises  the  temperature  of  the  medium  in  which 
the  chemical  reaction  takes  place.  We  speak  of  this  as  a  “transformation  to  heat.” 
The  body  temperature  of  animals  is  maintained  by  a  multitude  of  such  reactions. 
There  are  other  reactions  in  which  the  converse  is  true;  i.e.,  energy  has  to  be  sup¬ 
plied  from  an  outside  source  in  order  to  make  these  reactions  proceed.  In  the  labo- 
ratory  we  generally  supply  the  energy  in  the  form  of  heat  and  call  such  reactions 
“endothermic,”  in  contrast  to  the  “exothermic”  reactions,  which  give  off  heat.  I 
the  living  organism,  where  temperatures  are  very  constant,  the  energy  necessary 
to  ml  some  reactions  proceed  is  applied  not  as  heat  but  as  chemical  or  bond  en- 
ergy  It  is  therefore  more  precise  to  characterize  these  reactions  as  en  erg 
"d  to  speak  of  reactions  in  the  living  organism  which  yield  energy  as  being  ex- 

eTtiii  £  evident  that  the  algebraic  sum  of  the  energies  of  the  endergonic  and 
clink  reactions  involved  in  the  breakdown  of  a  foodstuff  to  CO,  and  H,0  w.U 
be  l  positive  sum  of  energy,  equivalent  to  the  total  bond  energy  of  the  original 
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substance.  Under  conditions  in  which  this  energy  or  any  part  of  it  has  not  been 
transmitted  to  objects  outside  the  body,  it  finally  appears  and  can  be  measured  as 
body  heat.  Upon  this  basis  it  has  been  possible  to  estimate  total  energy  production 
(or  requirements)  of  animals  and  man,  under  various  conditions  of  rest  and  work, 
by  measuring  the  total  heat  produced  in  suitable  calorimeters.  By  simultaneously 
measuring  the  total  oxygen  consumption  of  the  organism  it  has  also  been  possible 
to  establish  a  caloric  equivalent  of  the  oxygen  used.  The  estimation  of  the  rate  of 
metabolism  from  the  rate  of  oxygen  consumption  is  known  as  “indirect  calorime¬ 
try.’ ’ 

It  is  obvious  that  neither  the  total  heat  produced  nor  the  total  oxygen  consumed 
by  the  body  during  a  given  period  of  time  can  give  any  insight  into  the  various 
forms  through  which  the  original  energy  has  passed,  nor  can  they  indicate  what 
bodily  functions  have  been  served.  The  situation  is  analogous  to  the  measurement 
of  the  heat  produced  by  an  electric-light  bulb  made  of  opaque  glass  and  of  un¬ 
specified  internal  construction.  From  the  total  heat  given  off  one  could  calculate 
the  amount  of  electric  current  which  must  have  been  used  by  the  bulb,  and  per¬ 
haps  also  the  amount  of  coal  which  it  must  have  taken  to  produce  that  much  elec¬ 
trical  energy.  But  one  could  not  tell  the  amount  of  light  present  inside  the  bulb. 


SPECIFICITY  OF  ENERGY  SOURCE 

It  has  been  customary  to  speak  of  metabolic  energy  as  if  it  were  an  undifferenti¬ 
ated  reservoir  of  power  serving  all  cellular  functions  in  a  non-specific  way.  How¬ 
ever,  recent  evidence  has  indicated  that  this  is  not  so.  Particular  functions  require 
particular  sources  of  energy.  Indeed,  they  may  require  that  the  energy  be  derived 
from  a  specific  chemical  reaction.  This  is  not  surprising  when  one  compares  the 
situation  with  that  which  obtains  with  regard  to  internal  combustion  engines.  If 
one  takes  a  quantity  of  gasoline  and  a  quantity  of  fuel  oil  of  the  same  caloric  equiv¬ 
alent,  the  former  could  be  transformed  into  useful  mechanical  energy  by  a  motor 
car  but  not  by  a  Diesel-powered  truck,  while  the  fuel  oil  would  be  useful  in  the 
ruck  and  not  in  the  car.  A  striking  example  of  the  specificity  of  fuel  in  the  living 
organism  is  the  essential  nature  of  glucose  for  the  activity  of  the  central  nervous 
system.  When  isolated  brain  tissue  is  studied  in  vitro  by  the  Warburg  technique 
-t  can  readily  be  demonstrated  that  its  oxygen  consumption  (energy  production) 

ucs?r  the  exre  of  pyruvate  or 

glucose  (2,  3,  4).  Nevertheless,  in  the  intact  living  animal  i  •  • , 
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THE  ENERGY-TRANSFER  FUNCTION  OF  PHOSPHATE  GROUPS 

It  is  now  known  that  the  various  phosphorylations  which  occur  throughout 
the  dissimilation  of  carbohydrate  are  the  means  by  which  the  energy  liberated 
from  oxidative  steps  is  prevented  from  being  dissipated  as  heat  and  is  held  or  built 
up  for  use  in  endergonic  reactions  (8,  9).  Different  phosphorylations  carry  different 
amounts  of  energy  and  are,  therefore,  suitable  for  motivating  different  kinds  of 
endergonic  reactions  (9).  According  to  the  amount  of  energy  transferred,  we  speak 
of  high-energy  or  of  low-energy  phosphate  compounds  or  bonds.  Inorganic  phos¬ 
phate  is,  of  course,  at  the  lowest  energy  level.  The  high-energy  phosphate  bonds 
(10,000-12,000  cal/mole)  are  present  in  such  compounds  as  adenosine  triphos¬ 
phate  (ATP),  creatine  phosphate,  acetyl  phosphate,  phosphopyruvic,  etc.  As  an 
example  of  how  a  high-energy  phosphate  bond  performs  its  function,  let  us  con¬ 
sider  the  manner  in  which  glucose  is  transformed  into  glycogen,  a  carbohydrate  of 
higher  potential  energy  than  its  precursor.  A  superficial  representation  of  the 
chemical  steps  between  glucose  and  glycogen  might  be  written  as  follows: 

Glucose  — >  Glucose-6-phosphate  ^  Glucose- 1 -phosphate  ^  Glycogen 


From  an  energetic  standpoint  this  reaction  by  itself  is  impossible,  since  it  requires 
the  addition  of  energy  to  raise  glucose  to  the  energy  level  of  glycogen,  and  there 
is  no  indication  whence  this  energy  is  derived.  These  reactions  can  be  made  to  pro¬ 
ceed  in  vitro  by  adding  certain  protein  enzymes  and  ATP  (10,  11,  12).  The  energy 
which  drives  the  reactions  is  derived  from  the  high-energy  phosphate  bonds  in  the 
ATP.  The  latter  loses  its  labile  phosphates,  becoming  adenylic  acid  in  the  process. 

Since  the  amount  of  ATP  present  in  living  cells  is  limited,  the  more  complete 
story  of  the  series  of  reactions  in  the  living  organism  must  include  the  manner  in 
which  adenylic  acid  is  rephosphorylated  to  ATP.  This  may  occur  in  more  than 
one  way,  but  an  important  means  is  through  the  energy  liberated  by  the  oxidation 
of  3-phosphoglyceraldehyde  to  1:3  phosphoglyceric  acid  (13).  The  energy  made 
available  by  the  oxidation  of  the  aldehyde  to  the  acid  is  incorporated  in  a  high- 
energy  phosphate  bond  in  the  acid.  In  a  sense,  therefore,  we  may  say  that  the  oxi¬ 
dative  energy  has  raised  the  inorganic  phosphate  involved  in  the  reaction  to  a 
higher  energy  level  (9).  The  motivating  power  of  the  chain  of  events  having  thus 
been  applied,  the  cycle  proceeds  in  the  manner  graphically  illustrated  in  Figure  20. 
It  may  be  seen  that  the  ultimate  use  of  the  original  oxidative  energy,  applied 
through  ATP,  is  to  raise  the  lower-energy  foodstuff  (glucose)  to  the  higher-energy 
storage  product  (glycogen).  At  the  latter  point  the  phosphate  group  involved  m 
the  series  of  reactions  is  divorced  from  the  substrate  and  may  re-enter  t  e  eye  e  a 

tH  The^raising  of  glucose  to  the  energy  level  of  glycogen  is  only  one  of 

which  ATP  performs.  Indeed,  the  reversible  systems  AA  s  ADP  -  ATP  seem  to 


1 : 3-PHOSPHOGLY CERIC  ACID  <AA>  .  ATP 


<u 

•4 -» 

d 

43 

a 


if. 


o 

43 

a 

x 

43 


& 


I 


INORGANIC  PHOSPHATE  GLUCOSE 


ENERGY  PRODUCTION  ENERGY  UTILIZATION 


Fig.  2i— Central  position  of  the  adenylic  system  in  energy  transfer 
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be  the  central  mechanisms  for  energy  transfer  from  exergonic  to  endergonic  reac¬ 
tions  in  carbohydrate  metabolism.  Figure  21  summarizes  their  relationships  to  all 
the  known  energy  cycles. 

There  has  been  considerable  doubt  as  to  the  place  of  the  Creatine  5^  creatine 
phosphate  reaction  in  the  general  scheme.  Because  of  its  high-energy  phosphate 
bonds,  some  authors  have  ascribed  to  creatine  phosphate  a  role  similar  to  that 
indicated  for  ATP.  It  now  seems  more  likely  that  the  latter  is  not  the  case  but 
that  creatine  phosphate  acts  as  an  emergency  store  of  high-energy  phosphate  bonds. 
This  store  is  built  up  at  times  when  the  AA  ^  ATP  systems  are  producing  an  ex¬ 
cess  of  energy  over  the  requirements  of  the  moment  and  is  broken  down  when 
the  ATP  mechanisms  cannot  supply  energy  as  rapidly  as  is  required.  Thus, 
creatine  phosphate  stands  in  the  same  relationship  to  the  storage  of  energy  as 
glycogen  stands  in  relation  to  the  storage  of  carbohydrate  substrate. 

Finally,  it  should  be  noted  that  the  transference  of  energy  by  means  of  phos¬ 
phate  bonds  accounts  for  the  ready  reversibility  of  most  of  the  reactions  of  carbo¬ 
hydrate  metabolism  (8,  9,  14).  This  is  because  the  energy  which  is  yielded  by  the 
substrate  remains  “attached’  to  the  product  of  the  reaction  and  is  therefore  not 
lost  from  the  system.  For  example,  the  hydrolytic  splitting  of  glycogen  by  amylase 
produces  glucose  and  liberates  energy  as  heat.  The  analogous  phosphorolytic 
cleavage  of  glycogen  in  the  body  (see  Fig.  12,  p.  38)  produces  glucose-i-phos- 
phate,  with  the  energy  retained  in  t-he  phosphate  bond.  Hence,  no  outside  energy 
is  necessary  to  reverse  the  process  (8,  15). 

Regarded  as  a  whole,  the  pattern  of  energy  interchange  in  carbohydrate  metab¬ 
olism  is  by  no  means  as  complicated  as  a  consideration  of  the  details  might  lead 
one  to  e  ieve.  The  general  principle  may  be  compared  to  that  employed  in  the 

mining  and  use  of  Figure  „  a  diagrammatic  representati<4  ^ 

gy,  m  which  various  features  are  labeled  with  their  metabolic  counterparts  The 
essential  features  are:  the  investment  of  a  certain  amount  of  energy  To  procure 

boXlT  4  7  ?nergy  substance  (coal  in  the  mine  shaft,  or  glucose  in  the 

body) ,  the  raising  of  the  energy  substance  to  a  higher  energy  level  fthe  r™l  i 
the  surface,  or  glyrogen  in  the  hod,,!  •  th„  •  ,“gy  61  (the  coal  Plle  on 

another  form  of  energy  (running Se  r  °n  of  the  <™rgy  substance  into 

by  coal,  or  phosphorylation  in  the  body)'  AeTsToTthTT^  StCam  ^7  ^ 
energy  for  the  transfer  of  power  to  daces  where  it  V  more  convement  form  of 
(use  of  electric  power  for  communist;  can  be  used  for  special  purposes 

phorylative  energy  for  muscle  contract^  r^Sportatlon>  etc*>  or  the  use  of  phos- 

absorption  (17],  renal  reabsorption  £18] calcificatiT  C,°n'?UCtl0n  [l6)>  intestina> 

etc.);  and,  finally,  the  use  of  some  of  the e’ne»*  J’9  T™  motility  [2°J’ 

to  obtain  more  of  the  energy  substance  fi,a  "r  ^7  fr°m  the  energy  substance 

from  the  coal  for  the  purpose  of  mining  more  coT'orthT  7^  made 

cose  in  the  body).  S  coal}  or  the  phosphorylation  of  glU- 
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Since  we  do  not,  as  yet,  possess  a  detailed  knowledge  of  all  or  most  phosphate- 
energy  transfer  reactions,  the  efficiency  of  this  mechanism  can  be  judged  only  ap¬ 
proximately.  It  has  been  shown  that,  during  the  complete  dissimilation  of  i  mol. 
of  glucose  to  C02  and  H20,  from  twelve  to  twenty-four  high-energy  phosphate 
bonds  are  formed  (21,  22,  23,  24).  The  energy  content  of  these  phosphate  bonds  is, 
therefore,  144,000-288,000  cal.  Since  1  mol.  of  glucose  going  to  C02  and  H20 
yields  673,000  cal.,  the  energy  transferred  by  means  of  phosphate  bonds  repre¬ 
sents  about  21-42  per  cent  of  the  total.  It  is  interesting  to  compare  these  figures 
with  that  of  the  efficiency  of  muscular  work,  which  is  generally  considered  to  be 
about  30  per  cent. 
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Fig.  22. — Analogy  to  the  liberation,  transfer,  and  utilization  of  metabolic  energy 
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CHAPTER  V 


THE  USE  OF  ENERGY  FOR  MUSCULAR  CONTRACTION 


IN  THE  previous  chapters  we  clarified  our  concepts  as  to  the  nature  of  the  en¬ 
ergy  derived  from  carbohydrate  and  the  manner  in  which  this  energy  is 
transformed  and  made  available  for  the  various  uses  to  which  it  is  put.  The 
actual  results  of  the  expenditure  of  useful  energy  in  the  body  may  be  observed  in 
terms  of  muscular  contraction,  glandular  secretion,  nervous  activity,  etc.  It  re¬ 
mains  to  consider  in  detail  how  the  very  real  but  invisible  energy  of  the  foodstuff  is 
translated  into  tangible  physiological  performance.  Muscular  contraction  will 
serve  as  the  best  example  for  this  purpose.  This  is  partly  because  more  is  known 
about  this  function  than  about  any  other  and  also  because  it  is  quantitatively  the 
most  important  energy  outlet. 

Skeletal  or  voluntary  muscle  comprises  approximately  50  per  cent  of  the  body 
weight.  It  consists  of  75-80  per  cent  H20  and  20-25  per  cent  solids.  The  dry  weight 
of  the  muscle  is  partitioned  as  follows  (omitting  lipoids  and  minerals) : 


75-  80  per  cent  proteins 
2.5-5.°  Per  cent  glycogen 

2. 0-3.0  per  cent  creatine  phosphate  and  free  creatine 
1. 0-1.5  Per  cent  adenosine  phosphates 

1 .0  per  cent  other  phosphorylated  products  of  car¬ 
bohydrate  metabolism 


It  may  be  seen  that  protein  is  the  chief  structural  component  of  this  tissue.  But 
it  must  be  remembered  (as  pointed  out  in  chap,  ii)  that  most,  if  not  all,  of  the 
proteins  of  the  living  cell  function  as  enzymes  as  well  as  structural  elements. 
Next  to  protein  in  quantitative  importance  are  the  two  storage  products,  glycogen 
(the  fuel  reserve)  and  creatine  phosphate  (the  more  readily  available  energy  re¬ 
serve).  Adenylic  acid  and  its  phosphorylated  forms,  which  constitute  the  active 
phosphorylating  system  of  the  muscle,  represent  a  small  but  significant  fraction  o 
its  bulk.  The  remainder  of  the  muscle  is  composed  of  a  number  of  intermediate 
metabolites,  which  are  caught  in  transit. 


THE  PHYSICAL  NATURE  OF  MUSCLE  CONTRACTION 

The  contractile  element  responsible  for  the  shortening  and  elongation  by  which 
muscle  performs  its  physiological  function  is  myosin,  one  of  its  proteins  (  ,  ). 

Myot^ present  in  the  form  of  elongated,  threadlike  structures  called  muscle 
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fibrils.”  These  are  microscopic  in  size.  A  bundle  of  fibrils,  composed  of  large  num¬ 
bers  in  parallel  formation,  constitutes  a  muscle  fiber.  The  gross  structure  of  a  mus¬ 
cle  is  composed  of  aggregates  of  fibers.  The  myosin  of  the  muscle  fibrils  represents 
approximately  half  of  the  total  muscle  protein. 

Both  in  its  shape  and  its  elastic  properties  the  myosin  fibril  resembles  a  rubber 
band  (3,  4).  It  is  not  unique  in  this,  for  keratin  and  wool  are  proteins  of  the  same 
type.  But  myosin  differs  from  these  other  proteins  in  having  an  internal  mecha¬ 
nism  by  which  it  is  stretched.  The  contraction  of  a  fibril  is  due  to  the  release  of 
this  mechanism  and  to  the  fibril’s  recoil  to  a  neutral  position.  X-ray  diffraction 
studies  have  indicated  that  the  internal  configuration  of  the  myosin  molecule,  in 
its  stretched  and  collapsed  states,  changes  as  shown  in  Figure  23  (4). 

It  will  be  noted  that  a  relatively  new  and  unorthodox  conception  of  muscle 
states  has  been  introduced  in  the  preceding  paragraph.  It  has  been  customary  to 
speak  of  a  resting  muscle  as  “relaxed”  and  of  a  working  muscle  as  “contracted.” 
As  these  terms  imply,  it  was  formerly  thought  that  the  energy  expended  in  work 
was  applied  in  bringing  about  the  shortening  or  contraction  of  muscle,  while  re¬ 
laxation  was  merely  the  result  of  the  cessation  of  the  expenditure  of  contractile 
energy.  The  newer  evidence,  that  the  resting  muscle  resembles  a  stretched  elastic 
band,  necessarily  reverses  the  locus  of  application  of  energy.  The  external  force 
exerted  by  the  contracting  muscle  is  a  result  of  the  recoil  of  its  stretched  fibrils, 
while  the  metabolic  energy  is  applied  to  return  the  collapsed  elastic  members  back 
to  their  original  state  of  stretch. 


THE  CHEMICAL  EVENTS  ACCOMPANYING  MUSCLE  CONTRACTION 

The  first  chemical  changes  to  be  related  to  the  change  in  the  physical  state  of 
the  muscle  during  contraction  were  the  breakdown  of  glycogen  and  the  appearance 
o  lactic  acid  (5,  6).  Lundsgaard’s  demonstration  that  contraction  of  muscle  was 
possible  in  the  presence  of  iodoacetate,  which  prevented  lactic  acid  formation 
forced  the  abandonment  of  this  hypothesis.  He  further  demonstrated  a  parallelism 
etween  the  breakdown  of  creatine  phosphate  and  the  energy  liberated  by  the 
icdoacet ate  treated  muscle.  This  led  to  the  hypothesis  that  the  immed  te  sou  c 
of  energy  for  muscular  contraction  was  the  breakdown  of  creatine  phosphate 
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Fig.  23.— Stretched  and  contracted  forms  of  the  myosin  molecule.  I:  artificially  stretched  to  limit  of  extensibility  by  mechanical  means;  II:  as  the  myosin 
molecule  is  thought  to  exist  in  “relaxed”  state  in  vivo;  III:  as  it  is  thought  to  exist  in  “contracted”  state  in  vivo.  “R”  represents  the  various  ammo  acid  side- 
chains.  (Astbury  [3].) 
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and  the  phosphate  for  glycolysis  (12,  13).  The  glycolytic  reactions,  in  turn,  pro¬ 
vided  the  energy  for  the  resynthesis  of  both  creatine  phosphate  and  ATP. 

It  may  be  seen  that,  as  our  knowledge  of  the  subject  has  developed,  the  break¬ 
down  of  glycogen  to  lactic  acid  has  been  gradually  relegated  to  a  secondary  process 
with  a  restorative  function.  As  a  matter  of  fact,  the  most  recent  evidence  indicates 
that,  under  ordinary  physiological  conditions,  glycogen  breaks  down  without  the 
appearance  of  lactic  acid  at  all  (p.  49).  When  the  rate  of  oxygen  supply  to  the 
muscle  is  adequate  for  the  rate  of  glycogen  breakdown,  pyruvic  acid  is  oxidized 
completely  and  none  of  it  is  reduced  to  lactic  acid.  Under  these  conditions,  oxida¬ 
tive  steps  above  and  below  pyruvic  acid  supply  energy  for  the  rephosphorylation 
of  ATP  and  thus  maintain  the  metabolic  cycle  in  the  absence  of  lactic  acid.  It  is 
only  when  the  oxygen  supply  is  inadequate  (as  it  was  in  most  of  the  experiments 
cf  the  earlier  investigators)  that  lactic  acid  appears.  This  occurs  because  pyruvic 
acid  partially  substitutes  for  oxygen  by  becoming  the  hydrogen  acceptor  from  re¬ 
duced  DPN  and,  in  so  doing,  is  itself  reduced  to  lactic  acid. 

In  a  sense,  therefore,  the  formation  of  lactic  acid  by  muscle  is  merely  an  emer¬ 
gency  mechanism  enabling  muscular  contractions  to  occur,  for  a  short  time,  de¬ 
spite  a  lack  of  oxygen.  This  may  be  useful  at  the  beginning  of  sudden  or  severe 
muscular  work,  to  tide  the  muscle  over  a  period  of  circulatory  adjustment,  that  is, 
while  the  blood  supply  is  changing  from  the  slow  rate  adequate  during  rest  to  the 
more  rapid  rate  necessitated  by  the  exertion  (14).  It  also  enables  the  muscle  to 
exert  a  relatively  tremendous  effort  for  a  short  space  of  time,  at  a  rate  with  which 
the  maximal  rate  of  oxygen  supply  could  never  cope.  The  lactic  acid  which  accu¬ 
mulates  during  such  an  effort  is  reoxidized  to  pyruvic  acid  when  the  exertion  is 
over.  This  process  may  be  regarded  as  the  repayment,  during  comparative 
leisure,  of  an  energy  debt  contracted  under  stress. 

Figure  24  graphically  illustrates  the  development  of  our  concepts  concerning 

e  sequence  °f  chemical  events  which  occur  during  muscular  contraction. 

though  it  is  out  of  place  here  to  attempt  an  analysis  of  conflicting  data  in  re- 
pect  to  the  chemistry  of  muscular  contraction  (as  it  occurs  in  vivo),  it  should  be 
pointed  out  that  the  work  of  Sacks  (i5)  and  of  others  (16)  indicates  that  the 

scheme  as  given  in  Figure  24  may  have  to  be  modified  to  account  for  the  sequence 
of  chemical  events  m  the  living  intact  muscle.  ^ 


THE  CONNECTION  BETWEEN  THE  PHYSICAL  AND  CHEMICAL 
EVENTS  IN  MUSCLE  CONTRACTION 

Physical  state  “d  the  chan8e  “  the 

ATP  m  the  chem.cal  processes,  as  well  as  the  previously  des^ribTp^fdTnat^ 
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of  contraction  (i.e.,  the  recoil  of  a  stretched  fiber).  By  injecting  a  thin  stieam  of  a 
purified  myosin  preparation  into  water,  Engelhardt  (18)  was  able  to  make  threads 
of  myosin  analogous  to  muscle  fibrils  and  possessing  similar  elastic  properties. 
When  suitably  weighted  and  suspended  in  water,  these  myosin  threads  were  not 
affected  by  the  presence  of  the  various  mineral  and  organic  substances  normally 
found  in  mammalian  muscle.  But  the  addition  of  ATP  to  the  water  was  followed 
by  a  definite  increase  in  the  length  of  the  threads,  which  could  be  reversed  by 
flushing  away  the  ATP. 

Szent-Gyorgyi  and  his  co-workers  (19)  confirmed  Engelhardt’s  work  and  ex¬ 
tended  it  into  a  more  complete  analogy  of  in  vivo  muscular  contraction.  They 
found  that  a  purer  preparation  of  myosin  than  that  used  by  Engelhardt  would 
not  form  threads  when  injected  into  water.  But  when  another  muscle  protein 
(which  they  named  “actine”)  was  added  to  the  myosin,  the  compound  behaved 
like  Engelhardt’s  preparation.  They  named  this  complex  “actomyosin”  and  found 
that  threads  formed  from  it  could  be  made  to  extend  or  contract  at  will  by  varying 
the  proportions  of  ATP,  potassium,  and  magnesium  added  to  the  water  in  which 
they  were  suspended. 

I  he  extremely  simple  conditions  of  Engelhardt’s  and  Szent-Gyorgyi ’s  experi¬ 
ments  leave  no  doubt  that  ATP  is  the  prime  agent  responsible  for  the  stretching  of 
myosin  fibrils  that  is  preparatory  to  muscle  contraction.  The  peculiar  appropriate¬ 
ness  of  ATP  for  this  purpose  lies  in  the  fact  that  it  had  previously  been  shown  that 
myosin  is  the  enzyme  which  splits  ATP  ->  ADP  +  P0  (20,  21).  For  the  time  be¬ 
ing,  we  may  therefore  accept  the  current  scheme  shown  in  Figure  24  as  represent¬ 
ing  the  cycle  of  events  by  which  metabolic  energy  derived  from  the  utilization  of 
carbohydrate  is  transferred  by  ATP  and  applied  to  the  contractile  elements  of  the 
muse  e.  The  train  of  reactions  is  such  that  both  the  original  physical  state  of  the 
muscle  and  the  original  amount  of  ATP  are  restored  subsequent  to  contraction. 

t  is  evident  from  our  present  conception  that  any  metabolic  intermediate 
w  ich  can  supply  the  energy  necessary  to  restore  AA  to  ATP  can  serve  as  a  fuel 
of  muscular  exercise  This  applies  to  a-  and  0-ketoacids  derived  from  protein  and 
fat  as  well  as  to  carbohydrate  derivatives  (see  Fig.  18,  p.  54). 
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PART  II 

INTRODUCTORY  PHYSIOLOGICAL  CONSIDERATIONS 


CHAPTER  VI 


NATURE  AND  OCCURRENCE  IN  THE  TISSUES 
OF  MATERIALS  IMPORTANT  TO  CARBO¬ 
HYDRATE  METABOLISM 

IN  THE  previous  chapters  we  discussed  the  ultimate  use  of  carbohydrate  by 
the  effector  organs  and  the  manner  in  which  the  chemical  energy  of  the  food¬ 
stuff  is  liberated  and  applied  to  physiologic  functions.  It  will  readily  be  ap¬ 
preciated  that  this  knowledge,  however  fundamental  and  important,  is  only  a 
small  part  of  the  larger  body  of  information  with  which  it  must  be  integrated  in 
order  to  understand  carbohydrate  metabolism  in  the  living  organism.  As  opposed 
to  chemical  reactions  in  the  laboratory,  an  essential  characteristic  of  metabolic 
functions  in  vivo  is  that  they  are  finely  regulated  processes,  adjusted  in  each  organ 
and  tissue  to  the  needs  of  the  body  as  a  whole.  It  is  with  the  complex  series  of  ac¬ 
tions  and  interactions  between  tissues  and  organs,  subject  to  intrinsic  endocrine 
and  nervous  regulation,  that  we  must  now  deal.  But  before  beginning  our  account, 
it  will  be  useful  to  describe  in  some  detail  the  nature  and  occurrence  in  the  tissues 
of  various  substances  which  are  important  to  carbohydrate  metabolism — sub¬ 
stances  which  have  been  briefly  mentioned  in  the  preceding  chapters  and  which 
we  shall  meet  again  in  subsequent  chapters. 


uivULUory 


Glucose  is  the  chief,  and  for  practical  purposes  the  only,  transport  form  of 

carbohydrate.  Carbohydrates  enter  the  blood  from  the  gastro-intestinal  tract 

largely  as  glucose.  In  the  post-absorptive  state,  glucose  is  the  carbohydrate  which 

the  liver  supplies  to  all  the  other  tissues  of  the  body.  For  these  reasons  the  level  of 

glucose  in  the  blood  is  normally  higher  than  in  any  other  tissue  or  fluid  of  the 
body. 

The  average  norma]  level  of  glucose  in  the  blood  does  not  vary  appreciably  with 
the  spec.es  of  animal.  In  most  mammals  it  is  very  similar,  ranging  from  60  to  80 

SEEr  CC'  vecbl00<!' 11  haS  been  customary  t0  exPress  these  amounts  as 
g.  per  cent.  Strictly  speaking,  this  is  incorrect;  for  whole  blood  is  not 

omogeneous,  nor  is  it  of  the  same  specific  gravity  as  water.  Nevertheless  with  the 

reservations  noted  we  shall  make  use  of  this  shorthand  designation  of  cj  entra 
ti°n  for  the  sake  of  convenience.  concentra- 

The  blood-sugar  levels  reported  by  different  observers  depend  to  a  certain  ex 
,  upon  the  methods  employed  for  chemical  analysis.  Glucose  is  an  aldohexose 
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(see  Fig.  25)  in  which  the  aldehyde  group  on  the  first  carbon  atom  acts  as  a  reduc¬ 
ing  agent.  Hence,  the  most  practical  and  most  commonly  used  chemical  methods 
for  determining  glucose  are  procedures  in  which  a  metallic  ion  in  the  oxidized 
state  (usually  copper)  is  reduced  by  the  sugar.  Such  methods  were  devised  by 
Bertrand  (1),  Folin  (2),  Hagedorn  (3),  Somogyi  (4),  and  many  others  (5,  6).  They 
differ  from  each  other  chiefly  as  regards  the  means  by  which  reducing  substances 
other  than  glucose  are  removed  from  the  reaction.  To  the  extent  that  these  means 
differ  in  efficiency,  there  are  differences  in  blood-sugar  values  reported  from  vari¬ 
ous  laboratories.  For  example,  the  range  of  normal  values  quoted  for  mammals  is 
obtained  by  the  Somogyi  modification  of  the  Shaffer-Hartman  method.  When  the 
Folin-Wu  method  is  used,  a  range  of  from  80  to  120  mg.  per  cent  is  obtained. 
Somogyi  has  shown  (4,  7)  that  his  method  of  precipitation  removes  virtually  all 
the  non-carbohydrate  reducing  substances  (chiefly  glutathione) ;  hence,  the  results 

CHO  (Aldehyde  group) 

H-C-OH 

OH-C-H 

H-C-OH 

H-C-OH 

CH2-OH 

Fig.  25. — Glucose 

obtained  by  using  his  method  are  sometimes  referred  to  as  values  for  “true”  blood 
sugar. 

When  the  level  of  sugar  in  a  sample  of  whole  blood  is  100  mg.  per  cent,  the  con¬ 
centration  of  sugar  in  the  plasma  of  the  same  blood  is  about  115  mg.  per  cent  (8,  9). 
This  difference  is  due  to  the  fact  that  the  sugar  is  not  equally  distributed  between 
the  blood  plasma  and  the  red  blood  cells.  (There  is  an  equal  distribution  of  glucose 
between  the  blood  plasma  and  the  water  phase  of  the  red  blood  cells  [8,  10]).  The 
precise  difference  between  the  whole-blood  sugar  and  the  plasma  sugar  in  a  given 
instance  will  depend  upon  whether  or  not  the  normal  number  of  red  blood  cells 
per  unit  volume  of  blood  is  present. 

Because  the  peripheral  tissues  are  constantly  removing  sugar  from  the  blood, 
samples  of  arterial  or  capillary  blood  will  show  a  level  of  sugar  a  few  milligrams 
per  cent  higher  than  that  of  simultaneously  drawn  samples  of  venous  blood  (u, 
12)  This  so-called  A-V  difference  varies  with  the  existing  rate  of  utilization  of 
sugar  and  also  depends  upon  the  rate  of  blood  flow  through  the  tissues  at  the  time 
of  sampling  (13,  14).  It  is  obvious  that,  if  the  rate  of  sugar  utilization  were  con- 
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slant,  a  doubling  of  the  rate  of  blood  flow  would  result  in  a  diminution  of  the  A-V 
difference  to  half  its  former  value.  Neglect  of  this  simple  consideration  has  given 

rise  to  some  confusion  in  the  literature  (14,  15). 

Table  7  lists  the  range  of  sugar  values  reported  in  various  fluids  and  secretions 
of  the  body.  Being  a  crystalloid  of  small  molecular  weight,  glucose  diffuses  readily 
out  of  the  blood  stream  into  all  other  body  fluids.  Tissues  like  liver  or  skeletal 
muscle  are  composed  of  at  least  two  phases,  namely,  the  tissue  cells  and  the  fluid 
filling  the  interstices  between  them  (extracellular  fluid).  The  sugar  in  the  blood 
plasma  would  rapidly  equilibrate  with  the  sugar  in  the  extracellular  fluid  were  it 
not  for  the  constant  withdrawal  of  sugar  from  the  latter  by  the  cells.  The  actual 
level  of  glucose  in  the  extracellular  fluid  is  therefore  a  few  milligrams  lower  than 
that  in  the  blood  plasma.  But  analysis  of  normal  whole  muscle  for  its  glucose  con¬ 
tent  (using  the  proper  precautions  to  prevent  glycolysis)  usually  yields  a  range  of 


TABLE  7 

Glucose  Content  of  Bodily  fluids 

Glucose  Content 


Fluid  (Mg.  per  Cent) 

Whole  blood .  60-  90 

Blood  plasma .  70-1 1  o 

Lymph .  70-110 

Cerebrospinal  fluid .  40-  70 


values  between  30  and  60  mg.  per  cent.  This,  of  course,  means  that  the  cells  them¬ 
selves  contain  much  less  free  sugar  than  does  the  extracellular  fluid.  An  estimate  of 
the  amount  of  glucose  actually  present  within  the  tissue  cells  may  be  made  by  de¬ 
termining  the  amount  of  extracellular  fluid  and  calculating  the  intracellular  sugar 
from  the  sugar  content  of  the  whole  tissue. 

Normal  urine  contains  a  small  amount  of  glucose.  An  average  adult  human  ex¬ 
cretes  from  i  to  }  gm.  in  the  approximately  1,500  cc.  of  urine  excreted  in  24  hours 
(16,  17).  In  clinical  medicine  such  urine  is  termed  “sugar-free,”  because  the  rou¬ 
tine  methods  for  the  qualitative  detection  of  sugar  are  not  sufficiently  sensitive  to 
indicate  its  presence  in  this  concentration.  That  the  concentration  of  glucose  in 
normal  urine  is  far  below  that  occurring  in  other  body  fluids  is  not  because  the 
membranes  of  the  kidney  are  less  permeable  to  sugar.  The  kidney  glomerulus  ac¬ 
tually  passes  a  filtrate  containing  glucose  in  the  same  concentration  as  is  present  in 
blood  plasma  (18)  But  this  filtrate  is  then  subject  to  the  action  of  the  cells  of  the 
kidney  tubules,  which  reabsorb  most  of  the  sugar  in  it  (10  20). 

The  process  by  which  the  kidney  tubules  reabsorb  glucose  depends  upon  phos¬ 
phorating  mechanisms  (21,  22).  Inhibition  of  the  latter  by  the  glucosfde  phlo 

ii:orp  ion  of  the  sugar  and  resuits » 

the  bloodiugl  tell  iSrrt;  !Uga;alS°  aPPear  "  the  Urfne  Wheneve ' 
sugar  level  is  raised  to  such  heights  that  the  amount  of  glucose  filtering 
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through  the  glomeruli  exceeds  the  phosphorylative  capacity  of  the  tubules.  The 
critical  level  at  which  this  begins  to  occur  is  usually  about  180  mg.  per  cent  and  is 
often  referred  to  as  the  “kidney  threshold”  for  glucose  (20,  25). 


GLYCOGEN 

Glycogen  in  the  animal  body  is  similar  in  form  and  function  to  the  starch  in 
plants.  It  is  a  polymer  consisting  of  many  glucose  molecules  joined  to  each  other 
in  the  manner  indicated  in  Figure  11  (p.  37).  The  — C-O— C—  linkage  between  ad¬ 
joining  glucose  molecules  is  known  as  the  “glucosidic  linkage.”  It  is  here  that  the 
glycogen  molecule  splits  with  the  introduction  of  a  phosphate  group  (see  p.  35). 
The  distribution  and  particular  significance  of  the  glycogen  in  various  tissues  is 
discussed  in  a  number  of  places  throughout  this  book  (see  p.  9)  and  will  not  be 
repeated  here. 

Glycogen,  when  isolated  in  the  laboratory,  is  a  stable  compound.  But  in  the 
presence  of  the  tissue-enzyme  systems  it  breaks  down  very  easily.  For  this  reason 
the  glycogen  content  of  a  dead  tissue  gives  no  indication  of  its  content  during  life, 
and  accuracy  of  estimation  is  not  assured  even  when  tissue  is  removed  from  the 
living  organism.  This  is  especially  true  when  any  degree  of  anoxia  is  allowed  to 
occur  while  the  tissue  is  being  removed  for  analysis  or,  in  the  case  of  muscle,  when 
twitching  of  the  muscle  fibers  is  induced  by  careless  handling.  A  probable  reason 
for  the  susceptibility  of  glycogen  to  anoxia  is  that  the  active  form  of  glycogen 
phosphorylase  (see  p.  36)  contains  -SH  (reducing)  groups.  Hence,  any  degree  of 
oxygen  lack  would  tend  to  keep  the  enzyme  in  its  reduced  form  and  would  there¬ 
fore  favor  the  phosphorylation  and  breakdown  of  glycogen.  Another  reason  may 
be  the  rapid  appearance  of  inorganic  phosphate  during  oxygen  lack.  This  favors 
glycogenolysis  by  shifting  the  equilibrium  of  the  following  equation  to  the  right: 

Glycogen  -f  P0^  Glucose- 1 -phosphate  (26) 


The  standard  method  for  glycogen  estimation  in  tissues  depends  upon  the  fact 
(discovered  by  Claude  Bernard  and  put  to  practical  use  by  Pfluger)  that  hot 
concentrated  potassium  hydroxide  destroys  all  carbohydrates  except  glyco¬ 
gen.  As  described  by  Good,  Kramer,  and  Somogyi  (27),  the  method  is  accurate 
and  relatively  simple,  once  the  tissue  is  dissolved  in  the  alkali.  The  difficulty  con¬ 
sists  in  removing  and  transferring  the  living  tissue  into  the  alkali  before  any  sig¬ 
nificant  amount  of  glycogen  disappears.  Fairly  good  and  consistent  results  may  be 
obtained  by  anesthetizing  the  animal  with  an  anesthetic  (such  as  amytal  or  pento¬ 
barbital)  which  does  not  itself  tend  to  break  down  glycogen.  The  tissue  to  be  stud¬ 
ied  is  then  carefully  dissected  out  without  interfering  with  its  blood  supply.  At  the 
appropriate  moment  it  is  quickly  removed  and  transferred  to  a  tared  vessel  con¬ 
taining  hot  alkali.  But  the  technique  by  which  the  true  pre-mortem  glycogen  con¬ 
tent  of  a  tissue  is  most  nearly  determinable  is  the  following:  The  animal  is  anesthe- 
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tized,  and  the  tissue  prepared  as  above.  The  tissue  is  then  frozen  in  situ  by  the 
use  of  liquid  air  or  crushed  CO,  ice.  It  is  removed  and  weighed  in  the  frozen  state 
and  immersed  in  the  hot  alkali. 

LACTIC  ACID 


When  the  body  is  at  rest  and  in  the  post-absorptive  state,  the  lactic  acid  con¬ 
tent  of  the  blood  ranges  between  io  and  20  mg.  per  cent  (28,  29).  The  lactic  acid 
content  of  other  tissues  is  in  equilibrium  with  that  of  the  blood  plasma,  for  lactic 
acid  is  freely  diffusible  across  cell  membranes  (30).  Under  these  circumstances  the 
small  amount  of  lactic  acid  which  is  present  probably  arises  from  a  few  special 
tissues,  such  as  the  red  blood  cells,  the  intestinal  mucous  membrane,  and  the  ret¬ 
ina,  etc.  Adult  mammalian  erythrocytes  do  not  possess  the  enzymatic  machinery 
for  the  use  of  oxygen  but  readily  produce  lactic  acid  from  blood  glucose  (31,  32). 
The  cells  of  the  intestinal  mucosa  (33)  and  of  the  retina  (34)  have  a  high  aerobic 
glycolysis  (see  p.  55);  that  is,  they  differ  from  most  tissue  cells,  in  which  an  ade¬ 
quate  oxygen  supply  inhibits  lactic  acid  production  (Pasteur  effect  [p.  55]). 

In  most  tissues  of  the  body,  lactic  acid  is  not  a  necessary  intermediate  of  carbo¬ 
hydrate  metabolism.  It  is  formed  by  the  reduction  of  pyruvic  acid  only  when  the 
oxidative  removal  of  the  latter  is  relatively  or  absolutely  deficient  (p.  49).  A  rela¬ 
tive  oxygen  lack  may  occur  during  strenuous  physical  exercise,  when  the  rate  of 
oxygen  supply  to  the  muscles  is  temporarily  inadequate  in  comparison  with  the 
rate  of  glycogenolysis  (30),  whereupon  the  lactic  acid  in  the  muscles  increases  and 
diffuses  out  into  the  blood.  Certain  organs,  particularly  the  liver  (35,  36)  but  also 
the  heart  (37,  38),  will  then  remove  the  excess  lactic  acid  from  the  blood  and  re¬ 
oxidize  it  to  pyruvic  acid. 


An  absolute  lack  of  oxygen,  leading  to  high  lactic  acid  levels  even  when  the 
body  is  at  rest,  may  result  from  pulmonary  (39)  or  cardiovascular  (40)  diseases, 
which  interfere  with  the  oxygenation  of  the  blood  or  tissues,  respectively.  A  similar 
end-result  may  be  caused  by  liver  disease  (41),  when  the  impairment  of  the  oxida¬ 
tive  systems  in  this  organ  prevent  it  from  utilizing  the  oxygen  available  in  the 
blood  for  the  removal  and  oxidation  of  the  blood  lactic  acid. 


.  imPortance  of  anoxia  in  lactic  acid  formation  necessitates  the  same  precau¬ 
tions  as  for  glycogen  (p.  78)  when  sampling  tissues  for  chemical  analysis.  The 
addition  of  sodium  fluoride  to  blood  prevents  further  glycolysis  (42).  Lactic 

Th  ITT  y  f  “at?d  by  the  meth0d  0f  Friedemann  (43)  or  by  that  of  Miller 
and  Muntz  (44).  The  latter  method  was  modified  and  adapted  to  tissue  analysis 
by  Barker  and  Summerson  (45).  y 


iiRBVlL  AUII) 


Since  pyruvic  acid  is  one  of  the  most  reactive  metabolic  intermediates  (see  n 

bi  and  thT'Slng  jhat  the  am°UntS  °f  Pyruvic  add  normally  found  in  the 
blood  and  other  tissues  do  not  exceed  i.o  mg.  per  cent  (46,  47).  The  level  riles 
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somewhat  with  the  increased  breakdown  of  carbohydrate  accompanying  muscular 
work  (48)  or  following  carbohydrate  administration  (46,  49).  The  pyruvic  acid 
content  of  blood  and  tissues  also  increases  during  thiamine  deficiency  (50,  51),  for 
many  of  the  reactions  which  dispose  of  pyruvic  acid  require  thiamine  diphosphate 

as  a  coenzyme.  This  fact  has  been  used  as  an  aid  in  the  diagnosis  of  this  avita¬ 
minosis  (49,  51). 

It  should  be  noted  that,  despite  the  fact  that  pyruvic  acid  is  by  far  one  of  the 
most  important  substances  in  intermediary  metabolism,  its  normal  concentration 
in  blood  and  tissues  is  only  about  one-tenth  to  one-twentieth  that  of  lactic  acid. 
This  is  because  of  the  many  mechanisms  available  for  pyruvate  removal  (p.  52) ; 
while  lactic  acid  disposal  is  limited  to  one  reaction— its  oxidation  to  pyruvate.  This  il¬ 
lustrates  the  general  rule  that  the  concentration  of  a  substance  in  blood  and  tissues 
is  not  necessarily  an  indication  of  its  importance  in  the  metabolic  scheme.  As  we 
shall  see  presently,  some  metabolic  intermediates  are  never  present  in  detectable 
amounts  unless  special  methods  are  employed  to  stop  the  metabolic  reactions  at 
that  stage. 

The  method  commonly  used  for  pyruvate  estimation  is  that  of  Lu  (52),  or  the 
subsequent  modifications  of  this  method  (53,  54). 

PHOSPHATE  COMPOUNDS 

We  have  already  discussed  the  predominant  role  of  compounds  of  phosphoric 
acid  in  carbohydrate  assimilation  and  dissimilation  (p.  60).  The  phosphate  deriv¬ 
atives  group  themselves  into  three  classes:  inorganic  phosphate,  phosphorylated 
intermediates,  and  phosphate-transfer  substances. 

Inorganic  phosphate  (P0). — The  P0  in  the  body  is  largely  derived  from  the  inor¬ 
ganic  phosphates  present  in  foods.  Under  certain  circumstances  the  P0  of  the 
blood  may  be  increased  by  the  mobilization  of  Ca3(P04)2  from  the  bones.  The  P0 
of  blood  and  soft  tissues  may  also  rise  as  the  result  of  an  increased  breakdown  of 
organic  phosphate  compounds,  owing  to  anoxia  or  the  interruption  of  the  activity 
of  certain  enzyme  systems.  Hence,  the  sampling  of  tissues  for  the  correct  estima¬ 
tion  of  P0,  as  well  as  of  the  other  phosphate  derivatives,  involves  the  same  pre¬ 
cautions  as  for  glycogen  (p.  78).  With  more  careful  handling  of  tissues,  lower  P0 
values  have  been  reported  (55)*  Table  8  summarizes  the  most  reliable  observations 
as  to  the  levels  of  P„  and  other  important  phosphate  compounds  in  various  bodily 

tissues. 

Phosphorylated  intermediates. — The  only  phosphorylated  intermediates  of  car¬ 
bohydrate  metabolism  which  are  normally  present  in  the  tissues  in  detectable 
quantities  are  (a)  hexose-6-phosphate,  ( b )  monophosphoglyceric  acid,  and  (c) 
diphosphoglyceric  acid  (in  red  blood  cells  only).  Table  8  lists  the  levels  which  have 
been  reported.  The  other  known  phosphorylated  intermediates,  such  as  glucose-i- 
phosphate,  hexose  diphosphate,  etc.,  are  metabolized  as  rapidly  as  they  are  pro- 
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duced  and  therefore  are  not  found  except  when  steps  have  been  taken  to  interfere 
with  their  disposal  (42,  56). 

Phosphate-transfer  substances—  This  group  consists  of  (a)  adenosine  diphos¬ 
phate,  ( b )  adenosine  triphosphate,  and  (c)  creatine  phosphate.  The  levels  normally 
found  in  tissues  appear  in  Table  8.  The  adenosine  polyphosphates  are  present  in 


TABLE  8 

Distribution  of  Phosphate  Compounds  in  Various 
Tissues  of  Man,  Rat,  Rabbit,  and  Dog 


Tissue 

Inorgan¬ 
ic  Phos¬ 
phate 

(P.) 

Creatine 

Phos¬ 

phate 

(CrP) 

Adeno¬ 
sine  Di- 
and  Tri¬ 
phos¬ 
phates 
(A  DP 
and 
ATP) 

Hexose- 

6-Phos- 

phate 

(HMP) 

Phospho- 

glycerate 

(PGly) 

Diphos- 

phoglyc- 

erate 

(di-PGly) 

Total 
Acid- 
soluble 
Phos¬ 
phate 
(P  Total) 

Refer¬ 

ences 

Skeletal  muscle . 

15-25 

23-29 

18 

7-9 

3-5 

50-70 

5-13 

O 

9-1 1 

O 

30-40 

18-28 

15- 25 

16- 19 
10-20 

8-15 

14 

40-50 

150-200 

80-IOO 

90-100 

70 

50-80 

(58,62) 

(64) 

(60) 

(59,  66) 

(61) 

Cardiac  muscle . 

Liver . 

Brain . 

4-6 

0 

Blood . 

30-50 

TABLE  9 


Properties  of  the  Various  Organic  Phosphate  Compounds 
(Robison  and  MacFarlane  [71]) 


Procedure 

Crea¬ 

tine 

Phos¬ 

phate 

ATP 

and 

A  DP 

Glu- 

cose- 

i-Phos- 

phate 

Glu- 

cose- 

6-Phos- 

phate 

Fruc- 

tose- 

6-Phos- 

phate 

Hexose 

Diphos¬ 

phate 

Triose 

Phos¬ 

phate 

Phos- 

pho- 

glyc- 

erate 

Phos- 

pho- 

pyru- 

vate 

I.  Percentage  of  hydrol¬ 
ysis  in  molybdate  at 
250  C.  for  30  minutes 

IOO 

0 

0 

O 

0 

O 

O 

O 

O 

II.  Percentage  of  hydrol¬ 
ysis  in  A-HC1  at 
ioo°  C: 

In  7  minutes . 

IOO 

IOO 

32 

46 

92 

±11  iiiinuics . 

In  60  minutes . 

2 

24 

59 

I 

93 

In  180  minutes . 

3 

0 

45 

84 

72 

IOO 

2 

IOO 

III.  Percentage  of  hydrol¬ 
ysis  in  fV-NaOH  at 
200  C.  in  15  minutes. 

94 

6 

IV.  Reducing  power  per 
100  mg.  of  the  free 
ester,  compared  to 
glucose  as  100 . 

55 

O 

IOO 

0 

55 

21 

50 

0 

82 
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all  tissues  of  the  body  to  a  greater  or  lesser  extent  (57,  58,  59,  60,  61).  However 
creatine  phosphate  seems  to  be  limited  to  contractile  and  conducting  tissues— 
i.e.,  striated,  smooth,  and  cardiac  muscle,  neurones,  and  nerve  fibers  (62,  63,  64 

65,  6(3)  H  has  also  been  found  in  spermatozoa  (67).  There  is  no  creatine  phosphate 
in  blood  or  liver  (60,  61). 

Analytical  methods.— The  methods  for  the  estimation  of  the  various  phosphate 
compounds  are  based  upon  separation  of  the  desired  compounds  from  each  other 
by  the  differential  solubility  of  their  barium  salts  (68,  69)  and  the  varying  condi¬ 
tions  under  which  the  inorganic  phosphate  portion  can  be  split  off  the  particular 
organic  substances  (70,  71,  72).  Table  9  outlines  the  principles  underlying  the 
various  determinations.  A  reliable  method  for  the  estimation  of  P0  must  be  used, 
of  course,  in  all  such  procedures  (73,  74). 
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CHAPTER  VII 


SITE  OF  ORIGIN  OF  BLOOD  SUGAR 


IT  IS  well  established  that,  in  the  fasting  animal,  the  liver  is  virtually  the  sole 
source  of  the  blood  sugar  (i,  2,  3).  There  is  some  recent  evidence  that  the 
kidney  may  contribute  sugar  to  the  blood,  but  in  amounts  that  are  hardly 
significant  in  relation  to  the  total  carbohydrate  requirements  of  the  normal  intact 
animal  (4,  5).  The  other  tissues  of  the  body  continually  require  and  use  the  blood 
sugar  for  the  maintenance  of  their  metabolism  and  functions.  Since  the  blood- 
sugar  level  is  well  maintained  throughout  long  periods  of  fasting,  it  is  evident  that 
the  sugar  which  the  liver  secretes  into  the  blood  under  these  conditions  must  be 
derived  from  stored  carbohydrate  or  non-carbohydrate  precursors.  It  has  been 
briefly  indicated  in  the  previous  chapters  that  the  storage  form  of  carbohydrate  is 
glycogen  and  that  the  non-carbohydrate  precursors  are  protein  and  fat.  The  pres¬ 
ent  and  following  chapters  will  consider  the  evidence  for  these  interconversions  in 
some  detail. 


The  brilliant  pioneer  work  of  Claude  Bernard  was  the  first  to  indicate  the  pre¬ 
dominant  role  of  the  liver  in  supplying  blood  sugar  and  to  demonstrate  the  ex¬ 
istence  of  liver  glycogen.  His  early  reports  claimed  that,  in  fasting  animals  or 
those  fed  on  meat,  the  blood  entering  the  liver  through  the  portal  vein  contained 
no  sugar  (6).  Repetition  of  these  experiments  by  some  of  his  contemporaries  led 
to  disagreement  and  controversy,  for  they  found  sugar  in  the  portal-vein  blood. 
As  it  turned  out,  the  reasons  for  these  differences  lay  in  the  then  inadequate  knowl¬ 
edge  concerning  the  proper  handling  of  blood  samples  and  the  crude  methods  for 
sugar  analysis.  Bernard  and  his  contemporaries  eventually  agreed  that,  while  sugar 

was  constantly  present  in  the  portal  blood,  there  was  always  more  sugar  in  the 
blood  leaving  the  liver  (7). 

Claude  Bernard  also  demonstrated  that  a  liver  flushed  free  of  sugar  by  perfu¬ 
sion  with  cold  water  acquired  a  high  sugar  content  after  a  few  hours  in  the  labora¬ 
tory  He  recognized  the  starchlike  nature  of  the  precursor  of  this  sugar  and  called 

!  g'yt7en  ”  He  Chauveau  in  the  finding  that  the  sugar  of  arterial 

blood  throughout  the  body  was  higher  than  that  of  venous  blood.  On  the  basis  of 
these  essential  facts  and  a  number  of  other  observations,  Bernard  arrived  at  h 
following  conception,  which  is  as  valid  today  as  when  he  enunciated  it: 

sugar  is  de^royed^Des^^tion^ifl  s^gar^obabl^occu^th^^out^die^rganism^n'all8  t^he 
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ZT™’  ln^a11  the  tissues- •  •  •  •  The  normal  blo°d  sugar  level  is  the  result  of  a  precise  equilibrium 
between  the  processes  of  anabolism  (assimilation)  and  catabolism  (dissimilation)  [7,  8]. 


THE  EVIDENCE  DERIVED  FROM  THE  LIVERLESS  ANIMAL 

The  obvious  crucial  test  for  the  existence  of  the  balanced  rates  of  production 
and  consumption  of  sugar  responsible  for  the  maintenance  of  the  normal  blood- 
sugar  level  was  to  remove  the  supposed  source  of  the  sugar  and  to  observe  whether 
or  not  the  blood  sugar  progressively  diminished  as  it  was  utilized.  Such  observa¬ 
tions  were  made  by  Bernard’s  contemporaries  and  by  a  series  of  investigators  in 
later  years.  The  results  were  uniform  in  demonstrating  the  development  of  hypo¬ 
glycemia  following  hepatectomy  or  total  abdominal  evisceration  of  birds  (9,  10) 
and  mammals  (11,  12,  13).  However,  there  was  some  uncertainty  as  to  the  quan¬ 
titative  aspects  of  the  results  in  mammals  because  of  the  technical  difficulty  of  the 
operative  procedures  involved  in  total  removal  of  the  liver. 

It  remained  for  F.  C.  Mann  (14)  to  devise  the  first  practical  method  for  com¬ 
plete  hepatectomy  in  dogs.  Mann’s  three-stage  operation  was  simplified  to  a  two- 
stage  procedure  by  Markowitz  and  Soskin  (15,  16),  in  which  form  it  has  been 
possible  to  apply  it  to  dogs,  cats,  rabbits,  guinea  pigs,  and  monkeys  (17).  More 
recently,  Markowitz,  Yater,  and  Burrows  (18)  have  described  a  feasible  one-stage 
method  of  hepatectomy  which,  with  slight  modification,  makes  total  abdominal 
evisceration  of  the  dog  (19)  and  rabbit  (20)  a  relatively  simple  matter.  It  is  upon 
these  methods  that  much  of  the  recent  progress  in  evaluating  the  hepatic  and 
peripheral  aspects  of  the  dynamic  carbohydrate  balance  has  depended. 

The  work  of  Mann  and  collaborators  finally  established  the  liver  as  the  prime 
factor  for  the  maintenance  of  the  normal  blood-sugar  level.  The  presence  of  ap¬ 
preciable  quantities  of  glycogen  in  the  muscles  of  their  hepatectomized  dogs  dur¬ 
ing  profound  hypoglycemia  led  them  to  conclude  that  muscle  glycogen  is  incapable 
of  sufficiently  rapid  conversion  to  glucose  to  play  a  significant  role  in  maintain¬ 
ing  the  blood-sugar  level  (21).  This  conclusion  was  confirmed  and  extended  by 
Soskin  (2),  who  demonstrated  that  the  known  hyperglycemic  agents— epinephrin, 
ether  anesthesia,  and  asphyxia— have  no  influence  whatever  on  the  falling  blood- 
sugar  level  of  liverless  dogs.  More  recently,  Houssay  and  his  associates  have  found 
a  similar  absence  of  the  hyperglycemic  action  of  extracts  of  the  anterior  pituitary 
gland  in  hepatectomized  toads  (22,  23)  and  dogs  (24).  Soskin  concluded  that  mus¬ 
cle  glycogen  is  not  an  available  source  of  blood  sugar  in  the  absence  of  the  liver 
and  that  the  liver  is  the  sole  source  of  supply  of  glucose  for  the  blood  in  the  fasting 
organism.  Figure  26  shows  the  characteristically  rapid  and  progressive  fall  in  the 
blood-sugar  level  of  dogs  after  removal  of  the  abdominal  viscera,  including  the 
liver.  It  also  shows  the  lack  of  effect  of  hyperglycemic  agents  on  the  rate  of  fall  of 
the  blood  sugar,  in  contrast  to  the  hyperglycemic  effects  of  these  agents  on  the 

same  animals  with  intact  livers. 


Fig.  26.— The  influence  of  epinephrine  administration  (f  -f  -f)  and  of  ether  anesthesia  (■  ■)  on  the  blood- 
sugar  level  of  normal  intact  dogs  (• — • — •),  and  the  lack  of  influence  of  these  agents  on  the  falling  blood-sugar  level 
of  the  same  dogs  after  hepatectomy  (X — X — X).  (Soskin  [2].) 
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The  evidence  which  has  been  cited  also  shows  that,  once  sugar  has  entered  the 
peripheral  tissues,  even  though  it  is  stored  rather  than  used,  it  cannot  re-enter 
the  blood  as  glucose.  This,  of  course,  is  in  accord  with  what  is  known  of  the  en¬ 
zyme  systems  in  skeletal  muscle  (p.  34).  However,  under  special  circumstances, 
significant  amounts  of  carbohydrate  can  leave  the  muscle  in  altered  form,  as  when 
lactic  acid  accumulates  in  the  muscle  and  diffuses  into  the  blood  stream.  This  oc¬ 
curs  during  a  relative  or  absolute  deficiency  in  the  oxygen  supply  to  the  muscle 
(see  p.  49)’  At  such  times  the  lactic  acid  may  be  carried  to  the  liver  and  converted 
into  hepatic  glycogen,  and  thus  eventually  reappear  as  blood  sugar.  This  so-called 
“lactic  acid  cycle”  has  been  investigated  and  elaborated  by  Geiger  (25,  26,  27), 
Himwich  (28),  Cori  (29),  and  others.  But  it  is  fair  to  say  that,  while  it  constitutes 
a  possible  indirect  source  for  some  blood  sugar  during  abnormal  or  emergency  con¬ 
ditions,  it  is  of  little  or  no  significance  as  regards  the  blood-sugar  supply  under 
normal  conditions. 
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CHAPTER  VIII 


THE  USE  OF  THE  DIABETIC  ORGANISM  IN 
THE  STUDY  OF  GLUCONEOGENESIS 


IN  THEIR  work  with  hepatectomized  dogs  Mann  and  his  co-workers  (i)  found 
that  they  had  to  supply  about  ^  gm.  of  glucose  per  kilogram  per  hour  in 
order  to  prevent  death  from  hypoglycemia.  This  approximate  requirement 
has  been  confirmed  by  other  investigators  in  experiments  similar  to  Mann’s  (2,  3) 
and  agrees  with  other  work  in  which  the  utilization  of  carbohydrate  by  the  periph¬ 
eral  tissues  was  estimated  by  the  method  of  chemical  balance  (4,  5).  If  we  apply 
this  figure  to  man,  it  can  be  calculated  that  the  total  effective  carbohydrate  con¬ 
tent  of  the  body  would  diminish  rapidly  on  fasting  and  would  be  completely  ex¬ 
hausted  in  less  than  a  day  (see  Table  2,  p.  10)  wrere  it  not  being  replenished  con¬ 
stantly  by  the  new  formation  of  sugar  from  non-carbohydrate  materials  (gluconeo- 
genesis)  in  the  liver. 

Experimental  diabetes  has  been  the  chief  medium  of  research  as  regards  the 
non-carbohydrate  precursors  of  sugar  and  the  extent  to  which  they  may  be  con¬ 
verted  into  sugar.  The  completely  diabetic  organism  constantly  excretes  glucose 
in  the  urine.  When  carbohydrate  is  administered  by  mouth  or  intravenously,  a 
roughly  equivalent  amount  of  sugar  may  be  recovered  from  the  urine.  The  feeding 
of  protein  and  other  substances  is  followed  by  the  excretion  of  less  than  equivalent 
amounts  of  sugar.  The  extra  excretion  of  sugar  in  the  urine  of  the  depancreatized 
or  phlorhizinized  animal  following  the  administration  of  a  given  amount  of  food¬ 
stuff  has  been  taken  as  a  measure  of  the  extent  to  which  that  substance  may  gi\  c 
rise  to  sugar  in  the  body  (6,  7).  The  rationale  of  this  method  is  based  upon  evidence 
that  the  diabetic  organism  cannot  store  much  carbohydrate  and  upon  tine  assump¬ 
tion  that  the  newly  formed  sugar  cannot  be  utilized  but  is  excreted  quantitatively 
into  the  urine.  It  is  now  generally  agreed  that  the  latter  assumption  is  not  valid 
(4,  8,  9,  37).  Nevertheless,  much  of  the  information  which  was  gathered  and  used 
on  the  basis  of  that  assumption  is  still  useful,  when  interpreted  in  the  light  of  pres 
ent  knowledge.  It  is,  therefore,  necessary  to  review  critically  the  nature  of  the  dia¬ 
betic  syndrome,  in  both  the  depancreatized  and  the  phlorhizinized  animal,  an 
to  evaluate  the  bearing  of  the  results  obtained  in  such  animals  on  the  problem  of 
gluconeogenesis  in  the  liver. 

PANCREATIC  DIABETES 


The  first  experimental  production  of  a  syndrome  resembling  severe  diabetes 
mellitus  in  the  human  was  reported  by  von  Mermg  and  Minkowski  in  1889 
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(10,  11).  The  discovery  followed  the  complete  removal  of  the  pancreas  from  dogs 
in  the  course  of  experiments  designed  for  other  purposes.  It  is  now  known  that  the 
essential  deficiency  resulting  from  pancreatectomy  and  responsible  for  the  dia¬ 
betic  syndrome  is  the  lack  of  an  endocrine  secretion,  the  hormone  called  insulin. 
The  latter  originates  from  certain  small  groups  of  cells,  known  as  the  “islets  (or 
islands)  of  Langerhans which  are  scattered  throughout  the  substance  of  the 
pancreas. 

The  excretion  of  sugar  in  the  urine  (glycosuria)  of  the  depancreatized  animal 
follows  the  development  of  a  persistently  elevated  blood-sugar  level  (hypergly¬ 
cemia)  (see  p.  77).  The  latter  may  be  regarded  as  the  fundamental  derangement, 
all  the  associated  phenomena  being  secondary  to  it.  For  example,  the  sugar  which 
is  lost  in  the  urine  is  excreted  in  dilute  form  and  hence  carries  with  it  a  large 
amount  of  water  (polyuria).  This  results  in  a  chronic  thirst  and  the  drinking  of 
large  quantities  of  water  (polydipsia).  If,  as  often  happens,  the  intake  of  water 
does  not  keep  pace  with  its  excretion,  the  animal  becomes  dehydrated.  The  poly¬ 
uria  also  involves  the  loss  of  large  amounts  of  the  inorganic  constituents  of  blood 
plasma,  which  filter  through  with  the  water,  resulting  in  demineralization.  The 
sugar  lost  in  the  urine  represents  a  considerable  caloric  equivalent,  so  that  there 
is  increased  appetite  and  eating  (polyphagia).  But  the  more  food  that  is  eaten,  the 
higher  the  blood  sugar  and  the  greater  the  glycosuria.  Hence,  there  is  loss  of  weight 
and  weakness.  As  the  diabetic  syndrome  progresses  to  an  acute  stage,  certain  or¬ 
ganic  acids,  known  as  the  “ketone  bodies,”  appear  in  the  blood  and  are  excreted  in 
the  urine  (ketosis).  Because  of  their  acid  nature,  the  ketone  bodies  in  the  blood  are 
neutralized  by  basic  ions,  chiefly  sodium.  The  latter  is  carried  away  in  the  urine, 
and  an  acidosis  develops.  In  the  terminal  stages  of  uncontrolled  diabetes  the  cen¬ 
tral  nervous  system  is  affected;  the  animal  becomes  stuporous,  passing  into  coma; 
and  death  soon  follows. 


LIPOCAIC  ANOTHER  PANCREATIC  HORMONE? 

The  complete  removal  of  the  pancreas  introduces  a  complication  into  this  type 
of  experimental  diabetes.  Soon  after  the  discovery  of  insulin  it  was  noted  by  a 
number  of  investigators  (38,  39,  40,  41)  that,  despite  adequate  control  of  hyper¬ 
glycemia,  glycosuria  and  ketosis  with  the  hormone,  depancreatized  dogs  did  not 
survive  indefinitely.  They  died  in  a  variable  number  of  months,  showing  an  ex 

m Tfn  I7  f  tHe  Chief>  and  USUa11*  the  on‘y>  pathological  finding  Prior 

death  the  animals  exhibited  a  marked  depression  and  weakness  an  ameliora 
tion  of  the  diabetic  syndrome  even  to  the  ,  ’  an  ameliora- 
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An  entering  wedge  into  the  solution  of  the  problem  was  made  by  Hershey  and 
Soskin  (42,  43),  who  showed  that  it  was  not  the  digestive-enzyme  activity  of 
the  administered  pancreas  that  was  essential  for  the  relief  of  the  fatty  liver  and 
the  accompanying  syndrome  of  “liver  failure,”  as  had  previously  been  supposed. 
They  demonstrated  the  same  effects  by  feeding  a  preparation  of  egg-yolk  lecithin. 
Further  work  by  Best,  Hershey,  and  Huntsman  (44)  revealed  that  it  was  the 
choline  constituent  of  the  lecithin  molecule  that  exerted  all  the  physiological  ac¬ 
tivity.  Since  then,  the  literature  on  choline  and  other  substances  with  similar  ac¬ 
tivity  (“lipotropic”  factors)  has  grown  enormously  (45),  and  a  complete  review 
of  this  subject  would  take  us  far  afield.  What  is  pertinent  to  the  present  discussion 
is  the  observation  of  Ralli  et  al.  (46)  that  the  lipotropic  activity  of  raw  pancreas 
was  greater  than  could  be  accounted  for  by  its  lecithin  or  choline  content. 

In  1936  Dragstedt  and  his  associates  (47,  48)  began  an  important  series  of  in¬ 
vestigations  by  preparing  an  active  pancreatic  extract  which,  despite  its  low  cho¬ 
line  content,  was  a  very  effective  lipotropic  agent  in  the  depancreatized  dog.  They 
named  the  active  principle  “lipocaic”  and  tentatively  considered  it  to  be  a  hor¬ 
mone,  because  occlusion  of  the  external  pancreatic  ducts  of  normal  dogs  did  not  re¬ 
sult  in  any  evidences  of  the  lack  of  the  lipotropic  substance.  The  hormonal  nature 
of  lipocaic  has  been  challenged  by  the  laboratories  of  Chaikoff  (49,  50,  51)  and  of 
Ralli  (46,  52),  which  have  reported  ( a )  that,  in  their  hands,  ligation  of  the  pancreatic 
ducts  does  produce  a  fatty  liver  and  ( b )  that  the  oral  administration  of  the  external 
secretion  of  the  pancreas  (pancreatic  juice)  yields  as  great  a  lipotropic  effect  as  the 
feeding  of  raw  pancreas.  These  contradictory  results  and  conclusions  have  not 
yet  been  resolved.  What  concerns  us  for  the  moment,  however,  is  the  area  of  agree¬ 
ment  (53,  54),  i.e.,  that  the  pancreas  secretes,  whether  internally  or  externally,  a 

lipotropic  agent  other  than,  or  in  addition  to,  choline. 

The  subject  has  been  complicated  by  the  use,  by  various  investigators,  of  ani¬ 
mals  other  than  the  dog  and  methods  other  than  pancreatectomy.  In  a  comprehen¬ 
sive  review  of  the  literature  on  lipotropic  factors  McHenry  and  Patterson  (45) 


reached  conclusions  which  may  be  summarized  as  follows: 

1.  There  are  different  kinds  of  fatty  livers,  depending  upon  how  they  are  pro¬ 
duced  and  differing  in  the  chemical  composition  of  the  liver  lipids  (see  Table  10). 

2.  When  the  fatty  liver  contains  a  high  percentage  of  neutral  fat,  choline  is  an 

effective  lipotropic  agent.  ,  .  , 

3.  When  the  fatty  liver  contains  a  considerable  percentage  of  c  0  es  er  ,  p 

rair  and  inositol  are  more  effective  agents  than  choline. 

4.  It  is  doubtful  whether  lipocaic  is  an  endocrine  secretion  The “ 
it  exerts  its  physiologic  influence  is  probably  more  comparable  to  that  of  the  per 


ni<Wherever'the  future  work  on  lipocaic  and  other  lipotropic  substances  may  lead, 
it  U  clear That,  in  dealing  with  the  depancreatized  dog,  one  must  prov.de  hpo- 
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tropic  agents  adequate  in  kind  and  amount  to  prevent  fatty  infiltration  and  pre¬ 
serve  the  functional  integrity  of  the  liver. 

PHLORHIZIN  DIABETES 

So-called  “phlorhizin  diabetes”  was  discovered  and  first  described  by  von  Mer- 
ing  in  1879  (12).  It  results  from  the  administration  to  experimental  animals  of  the 

TABLE  10* 

Comparison  of  the  Effects  of  Lipotropic  Factors 
(McHenry  and  Patterson  [45]) 


Regimen  Used  for  Production  of  Fatty  Livers 

Choline 

Lipocaic 

Inositol 

Depancreatized  dogs . 

+  +° 

+  +° 

_? 

Rats: 

High  fat  diet: 

Thiamine . 

0+4- 

0  0 

All  B  vitamins . 

Cholesterol . 

1 

Fat-free  diet: 

r 

Thiamine . 

4-4-° 

Thiamine  and  riboflavin.  . 

1  r 
++° 
+° 

O 

Thiamine,  riboflavin,  pyridoxine,  and  pantothenic  acid.  . 
Above  four  vitamins  and  biotin  . 

_L_1_ 

+° 

+  + 

+ 

B  vitamins  and  cholesterol 

+ 

r  r 

1 

more  laboratories. 


?ic  action;  — ,  lack 


glucosKde  phlorhizm  (or  phlorhidzin),  which  has  the  structure  indicated  in  Figure 
27.  The  drug  is  generally  administered  subcutaneously  as  a  fine  suspension  in  oil 
and  the  usual  dosage  is  about  1  gm.  of  phlorhizin  per  day  for  a  10-kg.  dog  (13)! 
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Fig.  27. — Phlorhizin 
In  order  to  obtain  a  rapid  initial  effort  j 

a  2-5  per  cent  sodium  bicarbonate  solution  (u)  1S  SOmeUmes  administered  in 
The  syndrome  of  phlorhizin  diabetes  „  j  •. 
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cept  that  the  blood-sugar  level  is  abnormally  low  (hypoglycemia),  as  opposed  to 
the  hyperglycemia  of  the  depancreatized  animal.  As  has  been  previously  indicated 
(p.  77),  the  drug  produces  its  effect  by  preventing  the  reabsorption  of  sugar  by 
the  tubules  of  the  kidney.  This  is  accomplished  by  the  inhibition  of  the  phosphory¬ 
lation  of  the  glucose  to  hexosephosphate  (16).  All  tissues  are  subject  to  the  same 
action  of  phlorhizin.  But  muscle  tissue  destroys  phlorhizin  very  quickly,  so  that  ef¬ 
fective  concentrations  of  the  drug  in  muscle  are  not  attained  by  the  procedure  em¬ 
ployed  in  producing  phlorhizin  diabetes  in  the  living  animal  (17,  18).  However, 
under  in  vitro  conditions  the  action  of  phlorhizin  on  isolated  muscle  tissue  can  be 
readily  demonstrated  (19).  As  used  in  vivo,  the  kidney  shows  the  greatest  effects  of 
phlorhizin  because  it  has  a  limited  ability  to  destroy  the  drug  (17)  and  also  be¬ 
cause  the  excretory  function  of  the  kidney  leads  to  the  accumulation  of  phlorhizin 
in  larger  concentration  than  elsewhere  in  the  body  (15).  Hence,  phlorhizin  dia¬ 
betes  may  be  regarded  as  being  primarily  a  disturbance  in  the  kidney.  This  was 
shown  at  an  early  date  by  Minkowski,  who  demonstrated  that  the  removal  of  the 
kidneys  from  phlorhizinized  dogs  abolished  all  signs  and  symptoms  of  diabetes 
during  the  time  of  survival  of  the  animals  in  the  absence  of  renal  excretory  func¬ 
tion  (n). 

A  comparison  of  pancreatic  and  of  phlorhizin  diabetes  indicates  that  the  poly¬ 
uria,  polydipsia,  dehydration  and  demineralization,  loss  of  weight,  weakness  and 
polyphagia,  and  ketosis  and  coma  are  dependent,  in  both,  on  the  loss  of  significant 
quantities  of  carbohydrate  from  the  body  by  way  of  the  urine.  In  pancreatic  dia¬ 
betes,  this  results  from  a  disturbance  in  the  regulation  of  the  blood  sugar,  leading 
to  hyperglycemia,  which,  in  turn,  exceeds  the  capacity  of  the  phosphorylative 
mechanism  of  the  kidney  for  the  reabsorption  of  sugar.  In  phlorhizin  diabetes,  the 
same  train  of  events  is  initiated  by  a  lowering  of  the  phosphorylative  capacity  of 
the  kidney,  allowing  a  significant  excretion  of  sugar  at  normal  and  hypoglycemic 

blood-sugar  levels. 


THE  NON-UTILIZATION  THEORY  OF  DIABETES 

During  the  ten  years  that  followed  the  discovery  of  pancreatic  diabetes  by  von 
Mering  and  Minkowski  in  Strassburg,  the  same  laboratory  established  the  classica 
criteria  of  the  metabolic  disturbance  in  experimental  diabetes  (20).  These  cnten 
comprise  (1)  the  quantitative  excretion  of  administered  carbohydrate  m  the  ur 
of  the  experimental  animal;  (2)  the  urinary  dextrose-to-nitrogen  ratio  .  •  ),  (3) 

the  excretion  in  the  urine  of  acetoacetic  acid,  0-hydroxybutync :  acid,  and  acetone 
(ketosis)  *  and  (4)  the  characteristic  respiratory  quotient  K&W-  . 

The  quantitative  ettieiion  ni  adnini.Utel  tng.t  tf  the j»h«*  » 

g«,,d  that  —  I  the  ".«•«=  ™ --ETdUi 
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meat)  and  analyzed  them  for  amounts  of  dextrose  and  nitrogen,  respectively,  the 
total  amount  of  sugar  in  each  24-hour  specimen  seemed  to  bear  a  definite  relation¬ 
ship  to  the  amount  of  nitrogen  in  the  same  specimen  (6,  n).  This  D  :N  ratio  aver¬ 
aged  about  2.8:1  for  his  animals  (see  Table  n),  from  which  he  concluded  as  fol- 

TABLE  11 

Original  Data  of  Minkowski  (ii)  on  Sugar  and  Nitrogen 
Excretion  of  Depancreatized  Dogs 


Weight 

(Kg.) 

Duration  of 
Diabetes 
(Days) 

15 

2 

3 

4 

5 

9 

10 

13 

12 

*3 

12 

9 

10 

1 1 

13 

15 

8 

9 

10 

9 

3 

4 

9 

7 

8 

6 

8 

11 

6 

5 

6 

7 

8 

5 

11 

12 

13 

14 

15 

1  Amount  of 

Meat 
(Gm.  per 
Day) 

Urine 

Sugar 
(Gm.  per 

24  Hr.) 

500 

102.  O 

750 

6l.  I 

75° 

89.  I 

500 

44-  7 

750 

69.  0 

75° 

(5-  6%) 

650 

54-o 

'  650 

61.  4 

500 

34-8 

500 

42.  0 

500 

61.  2 

500 

60.  8 

500 

40.  0 

1,000 

48.4 

1,000 

62.  6 

1,000 

53-6 

500 

43-  2 

500 

37-o 

? 

(4-9%) 

300 

20.  2 

300 

19.  1 

300 

20.  2 

500 

27-3 

500 

24.4 

500 

34-3 

500 

3°-o 

300 

12.  8 

300 

J4-  5 

300 

15- 1 

300 

16.  0 

300 

12.4 

Dog  No. 


6. 

7- 


feeding 

(Days) 


1 

2 

3 

4 

2 

3 

2 

3 

7 

8 

9 

11 

13 

3 

4 

5 

2 

3 


1 

3 


2 

3 

4 

5 

2 

3 

4 

5 

6 


Urine 
Nitrogen 
(Gm.  per 
24  Hr.) 


D:N 

Ratio 


32.  2 

21.  2 

3°- 3 

14.4 

24.4 

(198%) 

17-45 
21. 12 

12.  76 
14.05 
20.  19 

2°-  37 
13-  73 

17.  6 
21. 9 
17-5 

14.  26 

12.45 

(1.6%) 

6.4 

6-3 
6.  7 

10.  12 
8-  73 

11.  90 
11.  10 

4-88 
5-45 
5-46 
5-95 
4-  20 


3-  14 
2.88 
2.94 

3-°9 
2. 96 
2.  83 

3-09 

2.  91 

2.  72 
2.99 
3- 06 
2.99 
2.88 

2.  74 
2.86 
3-05 

3- 03 
2.97 

3- 05 

3-  16 
3-°3 
2-93 

2.  70 
2.  72 
2.88 
2.  70 

2.  62 
2.  66 
2.  76 
2.  69 
2-95 


peared  in  the  urine  was  being 7ade 7^  *  T^’  311  the  sugar  which  ap 

ent  constancy  of  the  D:N  °f  protein'  W  F">™  the  appar 

utilized  by  the  diabetic  anima  l  e  all  of  ^  ^  ^  protei"  was  bdn 

’  •’  a“  0f  11  was  quantitatively  excreted. 
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The  appearance  of  the  ketone  bodies  in  the  diabetic  animal  was  the  third  basis 
for  the  non-utilization  theory  of  diabetes.  It  was  known  that  acetoacetic  acid  and 
/3-hydroxybutyric  acid  resulted  chiefly  from  the  breakdown  of  fat.  Since  these  sub¬ 
stances  did  not  ordinarily  appear  during  fasting  in  the  normal  organism  (when  fat 
was  the  chief  metabolite) ,  it  was  assumed  that  the  ketone  bodies  were  abnormal 
waste  products  resulting  from  the  incomplete  oxidation  of  fats  in  diabetes.  From 
this  arose  the  conception  that  a  certain  amount  of  carbohydrate  had  to  be  oxidized 
in  order  that  fats  could  be  burned  completely  (“fats  burn  in  the  fire  of  carbohy¬ 
drates”)  (21,  22,  23).  Thus  the  ketosis  of  diabetes  was  apparently  another  evidence 
of  the  lack  of  ability  to  utilize  carbohydrate. 

Studies  of  the  respiratory  exchange  of  the  normal  and  diabetic  organism  appar¬ 
ently  supported  the  foregoing  conclusions.  If  the  net  result  of  complete  oxidation 
in  the  body  is  compared  to  the  burning  of  a  substance  in  a  bomb  calorimeter,  it  is 
apparent  that  the  amount  of  oxygen  consumed  and  the  amount  of  C02  given  off 
in  the  process  will  depend  upon  the  chemical  nature  of  the  substance  that  is  being 
oxidized.  Thus  it  may  be  calculated  that,  when  a  carbohydrate  is  oxidized,  1  mol. 
of  C02  will  result  for  every  mol.  of  oxygen  used,  according  to  the  reaction: 

C6HI206  +  602  -*  6C02  +  6H20 


The  R.Q.  is  the  relation,  expressed  in  volumes,  between  the  oxygen  consumed  and 
the  C02  given  off  (C02/02).  Hence  the  R.Q.  for  the  oxidation  of  carbohydrate  is 
1.0.  In  the  same  way,  it  may  be  calculated  that  the  R.Q.  for  fat  is  about  0.7 ;  or 
protein,  about  0.8.  The  latter  figure  involves  a  number  of  assumptions,  since  pro¬ 
tein  is  not  entirely  oxidized  in  the  living  organism  (24,  25).  . 

It  was  found  that  the  R.Q.  of  a  normal  animal  under  fasting  conditions  was  in 

the  neighborhood  of  0.7.  This  was  taken  to  indicate  that  fat  was  the  chief  fuel  be¬ 
ing  used  at  that  time.  After  a  carbohydrate  meal  the  R.Q.  of  the  normal  an 
rose  toward  r.o  (Fig.  *8).  This  was  interpreted  to  mean  that  Ae  amma^was  now 
oxidizing  the  ingested  carbohydrate.  The  diabetic  organism  differed  from  the  nor 

i  :n  that  while  its  fasting  R.Q.  was  also  about  0.7,  the  quotient  did  not 
mal  in  t  ,  .  .  ox  'phis  seemed  to  confirm  the  con- 

when  carbohydrate  was  administered  (Tig.  28).  this  see 

elusion  that  the  diabetic  organism  cannot  use  carbohydrate  but  derives  gy 

chiefly  from  fat  (24,  26,  27). 

A  CRUCIAL  EXPERIMENT  OPPOSING  THE  NON-UTILIZATION 

theory  of  diabetes 
On  the  basis  of  the  four  lines  of  evidence 

zation  theory  of diabetes  was  more  or  the  evidence  and  by 

was  made  possible  by  ignoring  cer  ,  g  ?  Kausch  (28)  reported 

ssr™,“  rr  res-  s-  - — -  - 
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pared  to  the  results  of  the  same  procedure  in  normal  birds.  He  found  that,  in  the 
absence  of  the  organ  which  supplies  the  blood  sugar,  the  latter  disappeared  from 
the  blood  just  as  quickly  in  the  diabetic  birds  as  in  the  normal  ones.  There  were 
a  number  of  subsequent  attempts  to  confirm  this  finding  in  mammals.  Most  of 
them  showed  similar  results  (29,  30,  31),  but  technical  difficulties  as  regards  com¬ 
plete  removal  of  the  liver  and  the  consequent  irregularity  of  the  data  rendered 
these  findings  inconclusive. 


R.Q. 


data  of  Barker  et  al.  ^•)followin6  suSar  administration  to  normal  and  depancreatized  dogs.  (From  the 


the  liver  in  dogs,  Mann  and  Magith  (32)  reported  ^  removal  of 

completely  depancreatized  dog  suffers  iusr  as  d  Un®q“lvocaI  evidence  that  the 
hepatectomy  as  does  the  normal  dog  (Fia  m  V*  “  *he  bl°°d  Sugar  after 
betic,  the  liverless  animal  dies  in  hvnotd  v§  9  '  Whether  ong>nally  normal  or  dia- 
either  case  it  can  be  kept  Zl onlv b l IT  COnvulsiona  within  a  few  hours.  In 
giving  of  larger  amounts  of  sugar  2  So^U°"?  adnunistration  of  sugar  or  the 
rather  absurd  assumption  that  the  removal  oTt^T  Un'eSS  0ne  makes  the 
ability  of  the  peripheral  tissues  to  utilize  carboho/  SUddenly  restores  the 

he  diabetic  animal  does  not  lack  that  ability  ^1'“  mUSt  COnclude  that 

y*  under  these  circumstances  it  be- 
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comes  important  to  re-examine  the  classical  criteria  of  diabetes  for  their  true  mean¬ 
ing  and  to  consider  all  other  evidence  which  may  help  to  explain  the  diabetic  syn¬ 
drome  without  invoking  the  non-utilization  theory. 


THE  OVERPRODUCTION  THEORY  OF  DIABETES 

The  alternative  to  the  non-utilization  theory  of  diabetes  is  the  overproduction 

*t,  nf  diabetes  These  two  possible  explanations  for  the  diabetic  syn  rome 
theory  o ^d.abete-  These  &  mechanical  analogy.  Diagram  A  indi¬ 

cates  the'Vtate  of  affairs  in  a  normal  animal  in  which  the  liver,  as  represented  by 
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the  tap,  is  pouring  just  as  much  sugar  into  the  blood  as  the  tissues  (represented  by 
the  lower,  outflow  tube)  are  drawing  off  for  utilization.  The  net  result  of  the  dy¬ 
namic  balance  between  inflow  and  outflow  is  the  normal  blood-sugar  level.  Dia¬ 
gram  B  represents  the  non-utilization  theory  adopted  by  Minkowski.  Here  the 
outflow  of  sugar  into  the  tissues  has  ceased,  while  the  liver  continues  to  pour  sugar 
into  the  blood.  The  blood  sugar  rises  and,  as  the  hyperglycemia  approaches  the 


b)  Non-utilization 


c)  Overproduction 


Diabetic 

F.o.  30.  Mechanical  analogy  illustrating  the  alternative  theories  diabetes 

renal  threshold,  glycosuria  begins  Diagram  r  ™  , 

planation,  first  proposed  by  von  Noorden  (,,)  ?feSentS  the  otller  Possible  ex- 

minority  (34,  35,  36),  f  by  a  vig<-ous 

nution  of  the  utilization  of  blood  sugar  bv  the  t' "  ^ere’  t*lere  is  no  dimi- 

the  blood  from  the  liver  has  become  excessive  *ShSUeS'.But  the  suPPly  of  sugar  to 
utilization  can  no  longer  keep  pace  with  it  H  theP0Int  where  continued  normal 

Figure  30  makes  it  obvious  that  dosmg  th^WvT"11*  and  glycosuria  follow. 

-  - — s  fesaiTSES; 
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and  C  but  not  in  diagram  B.  Thus,  while  both  theories  can  account  for  cardinal 
features  of  the  diabetic  syndrome,  the  non-utilization  theory  is  directly  opposed 
by  the  hypoglycemic  effect  of  hepatectomy  in  the  diabetic  animal  (p.  97).  There 
is  no  conflict  in  this  regard  if  one  adopts  the  overproduction  theory.  The  re-exami¬ 
nation  of  the  classical  criteria  of  diabetes  which  is  the  subject  matter  of  the  subse¬ 
quent  three  chapters  should,  therefore,  be  followed  with  reference  to  both  the  pos¬ 
sibilities  indicated  in  Figure  30. 
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CHAPTER  IX 


QUANTITATIVE  EXCRETION  OF  ADMINISTERED  SUGAR 
AND  THE  DEXTROSE: NITROGEN  RATIO 


THE  fact  that  the  administration  of  dextrose  to  his  diabetic  animals  re¬ 
sulted  in  the  excretion  of  a  roughly  equivalent  amount  of  sugar  in  the 
urine  led  Minkowski  to  advocate  the  non-utilization  theory.  Reference  to 
Figure  30  (p.  99)  will  show  at  a  glance  that  his  conclusion  was  not  a  logical  neces¬ 
sity.  It  may  be  seen  that,  viewed  from  the  standpoint  of  either  theory,  the  influx 
of  an  extra  amount  of  sugar  into  the  blood  would  be  expected  to  result  in  an  extra 
outflow  of  the  same  amount  of  sugar,  in  addition  to  that  which  is  already  over¬ 
flowing  through  the  kidneys. 


DEXTROSE .  NITROGEN  RATIO  IN  THE  DEPANCREATIZED  ANIMAL 

It  is  important  to  consider  in  detail  the  supposed  constancy  of  the  D:N  ratio 
If  it  were  truly  constant,  it  would  constitute  strong  support  for  the  non-utilization 
theory.  For  it  would  be  difficult  to  conceive  of  a  rate  of  sugar  utilization  (other 
than  zero  utilization)  so  unvarying  in  different  diabetic  animals  and  under  differ¬ 
ent  conditions  as  to  make  the  ratio  possible.  Minkowski’s  summarized  data  are  re¬ 
produced  in  Table  n  (p.  95).  On  31  experimental  days,  in  9  depancreatized  dogs 
fed  on  meat  he  obtained  D:N  ratios  which  varied  from  3.16:  r  to  a  6z  ^th  an 
average  of  8 :  r  (l)  The  experimental  days  which  he  used  to  establish  the  a~ 
ratio  were  admittedly  selected,  since  a  record  of  all  the  experimental  davs  on 
single  animal  would  show  D:N  ratios  much  hio-hhr  tv.  o  .  ^  .  ny 

also,  ratios  which  fell  progressively  below  this  figure  as  theexitus^f  the  a 
approached.  The  high  initial  D  •  N  ™  t S  , .  ,  tus  of  the  ammal  was 

rp~„  “O' 

toward  the  end  of  the  exnerim^n  to  «  y  f  tores.  I  he  low  D:N  ratios 

of  the  animals  at  that  th!ie  The  rea^  /f  Cgarded  because  of  the  poor  condition 
of  the  first  and  last  RwZ  ^  t0  the  -suits 

amination  of  Minkowski’s  data  makesh  C^LOt  be  demed-  But  a  closer  ex- 

selected  in  a  much  more  2 £ experimental  days  were 
those  who  have  trustingly  accented  hisTv  We  been  led  to  believe  bT 

-  -  -  5. 
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Moreover,  the  days  reported  in  some  experiments  are  not  consecutive,  some  days 
being  omitted,  for  no  stated  reason.  It  must  be  apparent  that  any  desired  average 
D :  N  ratio  might  have  been  obtained  by  such  arbitrary  selection  of  experimental 
days,  picked  from  experiments  in  which  the  D:N  ratios  fell  progressively  from 
high  to  low  values. 

I  his  criticism  is  supported  by  other  results  of  Minkowski — reported  in  the  same 
paper  but  not  included  in  the  figures  from  which  he  obtained  his  D :  N  ratio.  In 
comparing  the  initial  D :  N  ratios  obtained  from  well-nourished  and  poorly  nour¬ 
ished  animals  he  recorded  ratios  in  the  latter  animals  of  2.04,  2.43,  1.62,  and  2.24 
on  the  third,  fourth,  and  fifth  days  of  diabetes.  It  is  difficult  to  understand  why 
Minkowski  did  not  attempt  to  correlate  these  low  results  with  the  data  from 


TABLE  12 


The  Days,  during  the  Diabetic  Life  of  His  Dogs,  Which  Minkowski  (i) 
Used  To  Compute  His  Average  D:N  Ratio 


which  he  computed  his  average  ratio.  The  poor  nutrition  of  these  animals  might 
perhaps  have  accounted  for  the  failure  to  obtain  high  initial  D:N  ratios.  But  the 
values  uniformly  below  2.8: 1,  obtained  on  days  in  which  the  approaching  demise 
of  the  animal  was  not  a  factor  and  on  days  which  coincided,  in  point  of  time,  with 
some  of  the  experimental  days  which  were  used  to  obtain  his  average,  serve  to  con¬ 
firm  the  arbitrary  nature  of  the  average  D :  N  ratio  at  which  he  arrived.  This  indi¬ 
cation  of  the  inherent  defects  in  Minkowski’s  work  is  not  intended  to  cast  asper¬ 
sions  on  his  integrity  as  a  physiologist.  It  must  be  remembered  that  Minkowski, 
working  before  the  days  of  insulin,  had  to  deal  with  acutely  diabetic  dogs  suffering 

from  the  effects  of  a  recent  anesthetic  and  operation. 

Pflueger  (2),  Embden  (3),  and  others  subsequently  reported  that  they  had 
failed  to  obtain  fixed  D :  N  ratios  at  the  Minkowski  level.  Their  work  was  criticized 
on  the  assumed  ground  of  the  poor  condition  of  their  animals  or  of  incomplete 
pancreatectomy.  Such  criticism,  however,  cannot  be  leveled  at  the  work  of  ac- 
feod  and  Markowitz  (4),  who  used  depancreatized  dogs  that  were  maintained  in 
excellent  condition  by  the  use  of  insulin.  After  the  withdrawal  of  food  and  insulin 
from  such  animals  (which  by  subsequent  post-mortem  examination  were  shown 
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be  completely  depancreatized)  they  obtained  D:N  ratios  far  below  2.8:1,  after 
the  first  few  days  of  the  experiment  had  elapsed.  Chaikoff  and  co-workers  (5)  re¬ 
ported  similar  results  and  found  (as  noted  by  Minkowski)  that  the  D  :N  ratio  was 
generally  higher  in  fat  than  in  lean  dogs  and,  also,  that  it  varied  decidedly  in  the 
same  animal,  according  to  its  nutritional  condition  at  the  time  of  the  experiment. 

In  1930  Rapport  (6)  reviewed  the  extensive  literature  on  the  D:N  ratio  in  ad¬ 
dition  to  the  above  and  was  not  able  to  reconcile  the  large  variations  which  had 
been  reported.  In  the  same  year  Soskin  (7)  published  a  comprehensive  reinvestiga¬ 
tion  of  the  D:N  ratio  in  depancreatized  dogs,  using  the  advanced  technique  made 
possible  by  the  discovery  of  insulin.  This  work  was  done  on  depancreatized  dogs, 
which  were  completely  recovered  from  operation  by  the  use  of  insulin  and  present- 

TABLE  13 

Distribution  of  D:N  Ratios  during  138  Unselected 
Days  for  10  Depancreatized  Dogs  (Soskin  [7]) 


No.  OF  Experimental  Days  on  Which  Results  Were  Obtained 
(Total:  138  Days) 


is 

33 

43 

36 

I  I 

Range  of  D:N  ratio.  . . 

Over  3. 16 

3. 16-2. 62* 

2.  61-2.  00 

1.  99-1.  00 

Less  than  i .  oo 

*  Minkowski’s  range. 


ed  well-healed  and  non-infected  wounds.  The  animals  were  maintained  on  a  low 
caloric  protein  diet,  and  the  absence  of  islet  tissue  was  verified  by  post-mortem  ex- 
animation.  In  contrast  to  Minkowski’s  animals,  they  survived  the  withdrawal  of 
insulin  for  as  long  as  5  weeks,  during  which  time  they  usually  remained  bright  and 
active,  although  losing  weight.  The  observations  on  the  D:N  ratio  comprised  138 
unselected  days  for  10  dogs,  in  contrast  to  Minkowski’s  3 1  selected  days  for  9  dogs 
The  distribution  of  the  D:N  values  obtained  is  shown  in  Table  1,  Tt  ,l,,  f ' 
seen  that,  although  some  D:N  ratios  similar  to  Minkowski’s  were  obtained  there 
,s  nothing  to  indicate  that  such  values  have  any  particular  significante  Wnera, 

aprogressive'fall'as^he'anhnak'los^weigia'and'thei^storesof t0 

depleted.  This  serves  to  evr,la;n  .-I  and  their  stores  of  adipose  tissue  were 
workers.  The  fact  that  some  animal!  maimed  D-£ S ^  ** 

EZZSS*  "  which  some  writers 

It  is  clear  that,  if  £&££££££*“  ““  ^  ^ 
gressively  lower  ratios  obtained  later  h  °  ‘S  accePted>  the  pro- 

mcreasing  amounts  of  the  sugar  arising 
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low  ratios  obtained  later  in  the  experiments  represent  the  true  extent  of  gluconeo- 
genesis  from  protein,  the  higher  Minkowski  values  must  mean  that  sugar  is  being 
formed  from  fatty  acid  as  well  as  from  protein.  In  either  case,  there  remains  no 
basis  for  concluding  that  sugar  is  derived  solely  from  protein  or  that  none  of  the 
sugar  so  formed  is  utilized  by  the  diabetic  organism.  It  is  permissible  to  conclude 
that  sugar  is  derived  partly  from  protein,  but  it  is  impossible  to  say  to  what  extent 
this  occurs. 


DEXTROSE :  NITROGEN  RATIO  IN  THE  PHLORHIZINIZED  ANIMAL 

Conclusions  similar  to  those  arrived  at  with  respect  to  pancreatic  diabetes  may 
be  drawn  in  regard  to  the  significance  of  the  D :  N  ratio  of  3.65 : 1  obtained  by  some 
investigators  in  so-called  “phlorhizin  diabetes.”  There  is  an  added  difficulty  in  in¬ 
terpreting  this  type  of  work  in  that  there  is  no  standard  for  judging  the  experi¬ 
mental  preparation,  comparable  to  the  histological  demonstration  of  complete 
pancreatectomy  in  operated  animals.  It  is  obviously  fallacious  to  account  for  dif¬ 
ferent  D :  N  ratios  obtained  with  phlorhizin  in  different  animals  and  by  different 
workers  (15)  by  saying  that  some  of  the  animals  were  not  completely  phlorhizin- 
ized  because  they  did  not  yield  D:N  ratios  of  3.65 : 1.  An  added  complication  is  the 
fact  that  the  phlorhizin,  as  used,  is  not  a  pure  chemical  substance  of  known  com¬ 
position.  In  his  last  publication  on  the  subject,  Graham  Lusk  (9)  (who,  together 
with  his  co-workers,  had  made  the  most  extensive  use  of  phlorhizin  diabetes  in 
their  studies)  confessed  that  with  the  phlorhizin  he  was  then  able  to  obtain  he 
could  not  reproduce  the  D:N  ratio  of  3.65: 1  which  he  had  formerly  insisted  was 
the  necessary  criterion  for  complete  phlorhizinization. 

Even  those  workers  who  used  preparations  of  phlorhizin  with  which  they  were 
able  to  obtain  some  D:N  ratios  approximating  3.65:1  were  not  able  to  maintain 
such  ratios  at  will  in  a  given  animal.  As  in  the  depancreatized  organism,  the  D .  N 
ratio  resulting  from  continued  phlorhizin  administration  starts  at  a  high  value  and 
declines  progressively.  The  selection  of  days  upon  which  the  ratio  is  to  be  consid¬ 
ered  a  valid  one  is  a  purely  arbitrary  matter.  Table  14  and  Figure  31  show  the 
day-by-day  excretion  of  sugar  and  nitrogen  in  the  urine  and  the  D :  N  ratio  in  three 
dogs  receiving  the  customary  phlorhizin  treatment.  It  may  be  seen  that  there  is  no 

evidence  for  a  constant  D :  N  ratio  at  any  level. 

If  for  the  moment,  one  were  to  discount  the  foregoing  considerations,  one  would 

still  have  to  explain  the  difference  between  the  phlorhizin  D : N  ratio  of  3.65  •  1  an 
the  Minkowski  ratio  of  2.8: 1.  There  is  no  factual  basis  for  concluding  that  phlo  - 
hizin  alters  the  biochemical  processes  in  such  a  manner  as  to  allow  a  larger  prop 
S  he  protein  molecule  to  be  converted  into  sugar.  And,  if  a  constant  propor- 
!on  of  the  protein  molecule  is  convertible,  one  or  both  of  the  following  conclusions 
is  justified  either  the  depancreatized  animal  always  utilizes  a  significant  fraction 
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of  the  sugar  derived  from  protein  or  the  phlorhizinized  animal  must  be  forming 
sugar  from  fat  as  well  as  from  protein. 

Finally,  one  must  take  into  account  the  fact  that  even  the  classical  ciiteria  are 
self-contradictory  as  regards  the  ability  of  phlorhizinized  animals  to  utilize  carbo¬ 
hydrate  : 

a)  Insulin  has  been  obtained  from  the  pancreas  of  dogs  after  prolonged  and 
maximal  phlorhizin  treatment  (io). 

TABLE  14 


Lack  of  Constant  D:N  Ratio  in  Fasted  Phlorhizinized  Dogs 


Dog 

No. 

Length 
of  Expt. 
(Days) 

Urine  Excretion 
(Gm.  per  Day) 

D:N 

Urine 

Ketones 

Blood 
Sugar 
(Mg.  per 
Cent) 

Dextrose 

Nitrogen 

I . 

i 

16.05 

5-95 

2.  69 

+  + 

14 

2 

II.  16 

4-43 

2.  52 

+  +  + 

21 

3 

9- 36 

3-  70 

2-53 

+  +  + 

18 

4 

6.  22 

2.  89 

2-  IS 

+  + 

26 

5 

2.  26 

1.  73 

I-  31 

+  + 

6 

3.  80 

2.83 

i- 35 

+  + 

14 

7 

4.06 

2.  84 

i-43 

+  +  + 

12 

8 

2.85 

2.  72 

1.05 

0 

31 

2 . 

i 

6. 46 

2.31 

2.  79 

0 

38 

2 

5-  55 

3-  ” 

1.  79 

0 

33 

3 

3  - 69 

1.94 

1.  90 

0 

33 

4 

4.09 

2.  36 

i-  73 

0 

20 

5 

4.  89 

2.36 

2. 07 

+ 

1 1 

6 

2- 5i 

1.86 

i- 35 

+  + 

7 

2-57 

1.56 

1.65 

0 

17 

8 

1.87 

1.  40 

1.  26 

0 

31 

9 

3-  15 

2. 09 

1.50 

0 

13 

3 . 

i 

24.  61 

7.  84 

3-  14 

+  + 

3° 

2 

15.86 

6.  58 

2.  41 

+ 

29 

3 

13-  18 

5-86 

2.  25 

+  +  + 

24 

4 

11. 00 

6. 41 

1.  71 

+  +  + 

28 

s 

(L 

9.  89 

5-  23 

1.  89 

+  + 

22 

0 

8.  11 

4-  77 

1.  70 

+ 

18 

7 

9-53 

4.52 

2.  11 

0 

8 

8.  13 

4.40 

1.85 

+ 

21 

9 

7.92 

4.  61 

1.  72 

+  + 

I  c 

IO 

5-49 

3- 82 

1.44 

0 

T  A 

II 

5-  14 

4.  26 

1.  23 

0 

20 
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Fig.  31. — Fasted  phlorbizinized  dogs 
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It  is,  therefore,  quite  apparent  that  the  D:N  ratios  of  phlorhizin-treated  ani¬ 
mals  cannot  signify  a  deficiency  in  sugar  utilization;  nor  do  they  indicate  that  the 
sugar  which  is  excreted  is  being  formed  from  protein  alone. 
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KETOSIS 

OF  THE  three  substances  usually  grouped  under  the  term  “ketone  bodies,” 
namely,  acetoacetic  acid,  0-hydroxybutyric  acid,  and  acetone,  the 
second  is  not  a  ketone,  and  the  third  represents  merely  a  breakdown 
product  of  its  more  physiologically  significant  precursors.  It  is  now  generally 
agreed  that,  under  conditions  leading  to  ketosis,  acetoacetic  acid  is  the  first  ketone 
body  to  be  formed  (i).  It  is  known  that  various  tissues  of  the  mammalian  organ¬ 
ism  are  able  to  reduce  acetoacetic  acid  to  /3-hydroxybutryic  acid  and  also  to  effect 
the  reverse  reaction.  The  direction  of  this  reversible  reaction  depends  on  the  con¬ 
centration  of  substrates  present  and  on  the  oxygen  tension,  and  there  is  evidence 
that  an  equilibrium  between  these  two  substances  is  established  rapidly  (2,  3,  4). 
Hence  it  is  a  matter  of  practical  importance,  in  balance  or  recovery  experiments,  to 
estimate  the  amounts  of  both  of  these  substances  present  in  the  tissues  when  at¬ 
tempting  to  account  for  the  fate  of  a  given  amount  of  either.  Acetone  is  readily 
formed  in  solutions  containing  acetoacetic  acid;  and  it  is  generally  assumed  that, 
whenever  it  is  found  in  biologic  fluids,  it  is  merely  a  spontaneous  decomposition 
product  which  indicates  that  an  equivalent  amount  of  one  of  the  other  ketone 
bodies  was  formerly  present. 

SITE  OF  ORIGIN  OF  THE  KETONE  BODIES 

Practically  all  investigators  have  agreed  as  to  the  chief  source  of  the  ketone 
bodies  that  appear  in  the  blood.  Embden  and  associates  (5,  6)  and  later  Snapper, 
Gruenbaum,  and  Neuberg  (7,  8)  perfused  livers,  kidneys,  lungs,  and  skeletal  mus¬ 
cles  and  found  that  only  the  liver  produced  significant  amounts  of  the  ketone 
bodies.  A  similar  conclusion  regarding  ketogenesis  by  these  organs  in  situ  was 
reached  by  Himwich,  Goldfarb,  and  Weller  (9,  10),  who  compared  the  ketone 
levels  of  the  inflowing  arterial  blood  and  of  the  outflowing  venous  blood  of  the  vari¬ 
ous  organs  in  the  intact  animal.  They  found  more  ketone  bodies  in  the  blood  leav¬ 
ing  the  liver  than  in  the  inflowing  blood;  while  in  most  other  organs  the  reverse 
was  the  case,  indicating  the  utilization  of  the  ketone  bodies.  There  was  an  occa¬ 
sional  output  of  small  amounts  of  ketone  bodies  from  the  skeletal  muscles  and  the 
intestinal  tract.  In  agreement  with  this,  Jowett  and  Quastel  (n)  found  that  slices 
of  kidney  spleen,  testis,  and  brain  in  vitro  could  produce  small  amounts  of  the 
ketone  bodies  from  butyric  acid  but  that  liver  slices  under  similar  conditions  pro¬ 
duced  from  ten  to  forty  times  as  much. 
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It  should  be  noted  that  the  evidence  quoted  above  does  not  prove  that  organs 
other  than  the  liver  are  incapable  of  forming  considerable  amounts  of  the  ketone 
bodies.  For  it  is  obvious  that  when  a  tissue  is  capable  of  utilizing  a  substance,  the 
amount  of  the  latter  which  may  escape  from  that  tissue  into  the  blood  (or  sur¬ 
rounding  medium  in  vitvo)  is  merely  the  difference  between  the  amount  formed  and 
the  amount  utilized  in  situ.  That  this  is  not  a  theoretical  consideration  only  was 
shown  by  Weinhouse  (63)  for  kidney  tissue,  using  the  heavy  carbon-tracer  technic. 
Under  these  circumstances,  the  role  of  the  liver  as  the  chief  site  of  origin  of  ketone 
bodies  depends  upon  the  fact  that  it  can  form  these  substances  at  a  much  greater 
rate  than  it  can  utilize  them. 

Whether  or  not  the  extrahepatic  tissues  can  be  shown  to  put  out  some  ketone 
bodies  under  special  experimental  conditions,  it  is  clear  that  in  the  living  intact 
animal  the  liver  is  practically  the  sole  source  for  these  substances.  Thus,  it  has 
been  demonstrated  that  dogs  in  which  the  functional  capacity  of  the  liver  is  lim¬ 
ited  by  an  Eck  fistula  do  not  exhibit  increased  ketosis  after  phlorhizin  administra¬ 
tion  (12).  The  reduction  of  hepatic  function  by  hepatotoxic  agents  also  decreases 
the  rate  of  appearance  of  ketone  bodies  (13).  Chaikoff  and  Soskin  (14)  demonstrat¬ 
ed  that  the  rate  of  disappearance  of  administered  sodium  acetoacetate  was  similar 
in  eviscerated  normal  and  diabetic  dogs,  thus  indicating  that  the  initial  ketosis  of 
the  diabetic  animals  was  due  to  rapid  ketogenesis  in  the  liver.  Finally,  Mirsky  (15) 
has  recently  shown  that  the  ketogenic  effects  of  certain  pituitary  extracts,  which 
are  regularly  obtained  in  normal  animals,  cannot  be  demonstrated  in  the  absence 
of  the  liver. 


SOURCE  MATERIALS  FOR  PRODUCTION  OF  KETONE  BODIES 

The  early  work  of  Embden  and  co-workers  (16,  17)  indicated  the  formation  of 
extra  ketones  by  perfused  livers  when  fatty  acids,  certain  amino  acids,  or  pyruvic 
acid  were  added  to  the  perfusing  fluid.  These  three  different  source  materials  for 
the  ketone  bodies  have  since  been  confirmed  by  a  number  of  investigators  in  a 
variety  of  ways  (18, 19,  20,  21,  22,  23).  However,  Embden  and  associates  reported 
that  the  amount  of  ketone  bodies  arising  from  fat  greatly  exceeded  that  from  the 
other  sources.  Subsequent  work  has  emphasized  the  fact  that,  when  ketosis  occurs 
in  the  living  organism,  it  may  be  regarded,  for  practical  purposes,  as  an  index  of 
the  catabolism  of  fat.  Thus  the  perfused  fatty  liver  produces  much  greater 
amounts  of  the  ketone  bodies  than  the  liver  that  is  poor  in  fat  (23).  The  livers  of 
depancreatized  or  phlorhizinized  animals,  which  are  characteristically  rich  in  fat 
are  known  to  produce  excessive  amounts  of  ketone  bodies  (22).  In  the  intact  nor’ 
mal  animal  the  eeding  of  fat  or  the  excessive  use  of  depot  fat,  induced  by  starva 
tion,  results  m  ketosis.  More  recently,  Stadie,  Zapp,  and  Lukens  (24  2d  have 
emonstrated  that  the  production  of  ketones  by  liver  slices  in  vitro  is  accompanied 
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MECHANISM  OF  PRODUCTION  OF  KETONE  BODIES  FROM  FATTY  ACIDS 

lor  many  years  the  general  conception  of  the  mechanism  by  which  ketones  are 
formed  from  fatty  acids  seemed  to  be  quite  settled,  but  it  has  recently  undergone 
at  least  two  metamorphoses.  The  theory  of  successive  /3-oxidation  originated  from 
the  work  of  Knoop  (26).  It  was  based  on  the  feeding  of  various  phenyl-substituted 
fatty  acids  to  test  animals  and  the  identification  of  the  excretion  products  in  the 
urine.  The  administration  of  either  benzoic,  phenylpropionic,  or  phenylvaleric  acid 
resulted  in  the  appearance  of  hippuric  acid.  After  the  administration  of  phenyl- 
acetic  and  phenylbutyric  acids,  phenylaceturic  acid  appeared  in  the  urine  (Fig. 
32).  These  results  could  be  reasonably  explained  only  by  assuming  that  the  fatty 
acids  were  degraded  by  the  splitting-off  of  two  carbon  atoms  at  a  time,  by  oxida¬ 
tion  at  the  carbon  atom  which  occupied  the  /3-position  in  relation  to  the  carboxyl 
group.  It  was  assumed  that  the  acetic  acid  molecules  so  formed  were  rapidly  metab¬ 
olized,  while  the  phenyl  group  was  left  attached  to  one  or  two  carbon  atoms,  de¬ 
pending  on  the  original  number  of  carbon  atoms  in  the  fatty  acid  molecule.  This 
assumption  was  confirmed  in  vivo  by  Dakin  and  was  extended  to  the  in  vitro  oxida¬ 
tion  of  various  fatty  acids  by  hydrogen  peroxide  at  body  temperature  (27,  28,  29). 
Snapper,  Gruenbaum,  and  Neuberg  (7)  duplicated  Knoop’s  results  on  the  per¬ 
fused  kidney. 

With  this  groundwork  laid,  Embden  and  co-workers  (5,  6)  perfused  various 
fatty  acids  through  isolated  livers  and  reported  that  ketones  were  formed  from 
fatty  acids  with  an  even  number  of  carbon  atoms  in  the  molecule  but  not  from  the 
odd-numbered  fatty  acids.  This  confirmed  the  natural  occurrence  of  /3-oxidation 
and  also  seemed  to  indicate  that  the  last  four  carbon  atoms  in  the  chain  under¬ 
went  oxidation  at  the  /3-position  but  were  not  split.  It  was,  therefore,  assumed  that 
each  molecule  of  an  even-numbered  fatty  acid,  regardless  of  chain  length,  resulted 
in  the  production  of  one  molecule  of  ketone  and  that  odd-numbered  fatty  acid 
could  not  give  rise  to  ketone  bodies.  On  this  basis,  also,  the  amount  of  oxygen  re¬ 
quired  for  the  degradation  of  a  given  fatty  acid  and  the  production  of  one  molecule 

of  ketone  could  be  calculated  (Fig.  33). 

Although  this  conception  gained  wide  popularity  (especially  among  clinicians 
concerned  with  clinical  states  characterized  by  ketosis)  and  although  it  persists  in 
many  textbooks  up  to  the  present  day,  serious  objections  from  the  experimental 
standpoint  arose  before  many  years  had  passed.  Thus,  Hurtley  (30)  sought  for  the 
butyric  and  acetic  acids  that  would  be  expected  to  be  present  in  the  liver  during 
active  ketogenesis  and  failed  to  find  them.  Clutterbuck  and  Raper  (31),  Smedley- 
MacLean  and  associates  (32,  33),  Witzeman  (34),  and  Verkade  and  van  der  Lee 
(35)>  wh°  repeated  and  extended  the  in  vitro  work  of  Dakin,  found  that,  while 
/3-oxidation  did  occur,  oxygen  could  also  become  attached  at  the  a-  and  the  7-p0S1‘ 
tion  A  more  serious  objection,  from  the  point  of  view  of  the  whole  animal,  was  the 
observation  by  Deuel  and  associates  (36,  37)  that  more  ketone  bodies  arose  in  an 
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Fig.  32. — The  basic  experiments  of  Knoop  (26) 
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1  mol.  palmitic  acid  +  7  mols.  Oz - 1  mol.  acetoacetic  acid  +  6  mols.  acetic  acid 

6  mols.  acetic  acid  +12  mols.  02 - »-  C02  +  H20 

19  mols.  02  per  mol.  of  acetoacetic  acid 
Fig.  33. — Knoop’s  theory  of  successive  /3-oxidation  (Soskin  and  Levine  [64]) 
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animal  fed  octanoic  acid  (C»)  than  in  an  animal  fed  an  equimolar  amount  of  bu- 
tyric  acid  (C4).  Shortly  afterward,  Jowett  and  Quastel  (1,  n),  and  later  Leloir  and 
Munoz  (21),  observed  that  the  amounts  of  ketone  bodies  formed  by  liver  slices 
in  vitro  could  not  be  accounted  for  on  the  assumption  that  only  the  last  four  car¬ 
bon  atoms  of  each  fatty  acid  molecule  gave  rise  to  a  ketone  body.  A  similar  dis¬ 
crepancy  was  reported  for  perfused  livers  by  Blixenkrone-M011er  (38,  39)  for 
liver  slices  in  vitro  by  Stadie  and  co-workers  (40)  when  the  oxygen  consumption 
during  experiments  was  compared  with  that  which  would  have  been  expected  on 
the  basis  that  all  but  the  last  four  carbon  atoms  of  each  fatty  acid  was  being  dis¬ 
posed  of  by  the  oxidation  of  the  acetic  acid  formed.  The  observed  oxygen  con¬ 
sumptions  were  far  smaller  than  would  allow  for  this  mode  of  fatty  acid  break¬ 
down.  Finally,  the  improved  technics  for  ketone  estimation,  which  have  made 
possible  the  determination  of  relatively  small  amounts  in  blood  and  tissue,  have 
led  to  the  recent  finding  that  the  odd-numbered  fatty  acids  also  give  rise  to  smaller 
but  significant  amounts  of  the  ketone  bodies,  as  compared  with  the  even-numbered 
fatty  acids.  This  has  been  reported  by  Jowett  and  Quastel  (1,  n),  Edson  (41), 
and  Leloir  and  Munoz  (21)  for  isolated  tissue  (liver)  and  by  MacKay  and  associ¬ 
ates  (42)  for  the  intact  animal. 

It  is  obvious  that  the  hypothesis  of  successive  /^-oxidation  in  the  aforementioned 
form  is  no  longer  tenable.  Indeed,  as  long  ago  as  1916,  Hurtley  (30)  proposed  the 
theory  of  multiple  alternate  oxidation  to  account  for  his  failure  to  find  butyric  and 
acetic  acids  in  ketone-producing  livers.  He  expressed  the  opinion  that  the  intact 
fatty  acid  chain  was  first  oxidized  at  each  alternate  carbon  atom  and  then  split 
into  blocks  of  four  carbon  atoms  each — a  process  which  would  not  necessitate  even 


the  transient  presence  of  either  of  the  substances  for  which  he  tested.  According 
to  this  hypothesis,  the  number  of  ketone  molecules  arising  from  a  fatty  acid  would 
be  the  whole  portion  of  the  quotient  when  the  number  of  carbon  atoms  in  the  fatty 
acid  molecule  is  divided  by  4.  This  hypothesis  was  adopted  by  Deuel,  Quastel 
Leloir,  Blixenkrone-M011er,  and  Stadie,  since  it  accounted  for  the  greater  than  1  •  1 
ratio  of  ketogenesis  from  the  higher  fatty  acids,  the  lower  oxygen  consumption 

t  an  that  expected  from  the  1:1  ratio,  and  the  formation  of  ketone  bodies  from 
odd-numbered  fatty  acids  (Fig.  34). 

Until  recently  the  multiple  alternate  oxidation  theory  was  adequate  to  explain 
the  available  data.  However,  it  implied  a  phenomenon  rather  difficult  to  explain 
on  biochemical  grounds.  The  simultaneous  oxidation  of  every  alternate  carbon 
atom  offered  no  difficulty.  But  how  could  one  explain  the  selective  spUtt  ng  o  the 
molecule  at  every  second  keto  group  instead  of  at  every  keto  group?  Thi  difficulty 
S  avoided  by  a  newer  conception,  which  also  accounts  for  other  re  en  evidence 

J  a  yuastel(i,  n)  noted,  among  other  things,  ketone  pro- 
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Fig.  34. — Hurtley’s  theory  of  multiple  alternate  oxidation  (Soskin  and  Levine  [64]) 
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duction  from  valeric  acid  (Cs)  and  a  greater  production  of  ketones  from  hexanoic 
acid  (C6)  than  from  butryic  (C4).  Since  valeric  acid  is  known  to  give  rise  to  sugar 
through  propionic  acid,  one  can  account  for  the  ketone  formation  only  by  assum¬ 
ing  a  condensation  of  a  two-carbon-atom  fragment  from  one  molecule  of  valeric 
acid  with  a  similar  two-carbon-atom  fragment  from  another  molecule.  The  con¬ 
densation  of  such  two-carbon-atom  fragments  (acetic  acid)  could  also  account  for 
the  greater  ketone  formation  from  hexanoic  than  from  butyric  acid.  Leloir  and 
Munoz  (21)  confirmed  the  findings  of  Jowett  and  Quastel. 

MacKay  and  co-workers  (42,  43)  recently  performed  feeding  experiments  on 
intact  animals,  the  results  of  which  supported  the  interpretation  of  the  above  in 
vitro  work  and  led  them  to  postulate  a  new  theory,  which  they  have  termed  the 
“/3-oxidation  acetic  acid  condensation  hypothesis.”  They  found,  in  brief,  that  the 
feeding  of  propionic  acid  to  their  animals  led  to  an  accumulation  of  glycogen  in 
the  liver  without  formation  of  ketone  bodies.  The  feeding  of  valeric  acid  (Cs)  led 
to  both  glycogen  and  ketone-body  formation.  Heptanoic  acid  (C7)  gave  rise  to 
glycogen  and  to  more  ketones  than  did  valeric  acid.  MacKay  and  associates  pos¬ 
tulated  that  all  fatty  acid  chains,  whether  odd  or  even  numbered,  were  subjected 
to  oxidation  at  each  alternate  carbon  atom.  However,  the  molecules  then  split  at 
every  keto  group  to  form  a  number  of  acetic  acid  molecules  except  where  a  three- 
carbon-atom  fragment  remained  to  form  propionic  acid.  (This,  of  course,  resem¬ 
bles  in  part  the  original  /3-oxidation  theory,  although  there  is  little  basis  for  decid¬ 
ing  between  successive  or  simultaneous  oxidation  and  splitting.)  Ketones  are 
formed  by  the  condensation  of  two  molecules  of  acetic  acid  (Fig.  35),  a  process 
which  has  been  known  since  the  days  of  Friedmann  (44). 


Friedmann  s  observation  was  made  on  isolated  livers  perfused  with  solutions 
containing  acetic  acid.  Recently  Barnes  et  al.  (45),  using  acetic  acid  containing 
heavy  carbon  in  in  vitro  experiments,  conclusively  demonstrated  this  chemical  re¬ 
action.  Weinhouse  et  al.  (46)  carried  this  type  of  evidence  a  step  further,  using 
octanoic  and  butyric  acids  containing  radioactive  carbon  in  the  carboxyl  groups. 
They  found  that  liver  slices  converted  these  substances  into  acetoacetic  acid  pos¬ 
sessing  radioactivity  in  the  0-keto  group  as  well  as  in  the  terminal  carboxyl  group 

1  his  is  conclusive  evidence  that  the  acetoacetic  acid  is  formed  from  two-carbon- 
atom  fragments. 

of  2\hyPOthf!  °f  M^cKay  and  co-workers  is  the  most  reasonable  explanation 
of  the  known  facts  at  the  present  time. 


REGULATION  OF  THE  KETONE  BODIES 

er  the,  can  he  disposed  of  by  ^ 


•  pH 

CJ 

u 

-4-> 

<L> 

< 

X 

E 

(0) 

00 

O 

O 

X 

O 

CJ 

CJ 

0 

CM 

• 

CO 

0 

X 

E 

• 

CJ 

CJ 

X 

• 

CM 

x 

CJ 

• 

(0) 

CH 

0 

0 

O 

CJ 

• 

CJ 

• 

CO 

X 

co 

CJ 

X 

CJ 

cj 

• 

X 

H 

O 

0  X 

9  CJ 

O 

0 

• 

CM 

u 

O 

X 

CO 

CJ 

CJ 

E 

• 

CM 

CJ 

X 

• 

E 

u 

• 

^  X 

O 

0 

9  S 

O 

CJ 

• 

CJ 

• 

CO 

X 

• 

CO 

E 

cj 

E 

CJ 

CJ 

• 

E 

H 

0  X 

O 

9  G 

O 

O 

• 

CM 

in 

CJ 

• 

CO 

O 

CJ 

CJ 

X 

CM 

CJ 

X 

• 

X 

u 

• 

E 

O 

0 

9  u 

O 

CJ 

• 

CJ 

X 

• 

eo 

E 

CJ 

E 

CJ 

CJ 

• 

CM 

^  E 

B 

O 

W 

9u 

O 

O 

• 

CJ 

O 

CM 

X 

CJ 

• 

CO 

X 

CJ 

• 

CM 

CJ 

H 

X 

CJ 

• 

CO 

X 

u 


X 

o 

o 

cj 

• 

co 

X 

u 


o 

CJ 

CO 

X 

CJ 


9 

+ 

X 

o 

o 

o 

X 

CJ 

o 

u 

• 

CO 

X 

CJ 

* 

I 


o 

e 

CM 

u 

co 


o 

+ 

CM 

o 

CM 

CO 

X 

tO 

CJ 


u 

cl 

v  .a 


CJ 

c3 

CJ 

•  i— H 

4-> 

<u 

CJ 

cj 

c/} 

O 

s 


<D 

CJ 

d 

o 

•+-> 

CJ 

c3 

CO 

13 

s 


00  Tf 

4  4 

I 

i 

I 

CM 

o 

c n 
O 

a 

+ 

T3 
• 

CJ 
CJ  I 

.-y 

•n  •  < 
CJ 
d 
CJ 


i 

i 


aj 

a 

*o 

s 


CJ 

d 

co 

O 


00 


1.75  mols.  O2  per  mol.  of  acetoacetic  acid 

Fig.  35- — MacKay’s  theory  of  /3-oxidation-acetic  acid  condensation  (Soskin  and  Levine  [64]) 
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tion  may  occur.  Some  of  the  earlier  investigators  regarded  the  ketone  bodies  as  ab¬ 
normal  intermediary  products  of  fat  metabolism,  which  appeared  only  when  there 
was  a  failure  in  carbohydrate  oxidation.  It  was  thought  that  under  these  circum¬ 
stances  the  ketones  could  not  be  metabolized  because  of  the  supposed  absence  of 
a  coupled  oxidation  phenomenon  which  ordinarily  occurred  (47).  It  is  now  well 
recognized  that  ketosis  occurs  under  conditions  in  which  large  amounts  of  carbo¬ 
hydrate  are  being  oxidized;  and,  indeed,  it  has  been  impossible  to  demonstrate  any 
relation  between  the  degree  of  ketosis  and  the  rate  of  carbohydrate  oxidation 
(48,  49,  50,  51).  On  the  other  hand,  there  is  ample  evidence  that  both  acetoacetic 
acid  and  /3-hydroxybutyric  acid  are  catabolized  to  C02  and  H20  by  kidney,  mus¬ 
cle,  heart,  brain,  testis,  etc.,  as  tested  on  isolated  slices  in  vitro  (52,  53,  54,  55). 
Similar  evidence  is  available  for  perfused  whole  organs,  such  as  muscles  or  kidneys 
(53,  54).  The  probable  pathway  of  dissimilation  of  the  ketones  is  indicated  in 
Figure  18  (p.  54). 

The  rate  of  utilization  of  the  ketone  bodies  by  the  normal  intact  organism  has 
been  estimated  by  a  number  of  investigators  (55,  56).  It  is  important  to  note  that 
this  utilization,  at  the  blood  concentrations  of  ketones  ordinarily  found  in  clinical 
ketosis,  may  constitute  a  highly  significant  portion  of  the  total  energy  require¬ 
ments  of  the  organism.  Indeed,  it  has  been  estimated  that  ketone  utilization  in  the 
animals  which  have  been  studied  could  account  for  from  50  to  80  per  cent  of  the 
total  oxygen  consumption.  In  view  of  this  great  capacity  for  the  utilization  of 
ketones,  the  small  amounts  normally  found  in  the  blood  may  indicate  that  even 
the  normal  liver  forms,  and  continues  to  secrete,  some  ketone  bodies  into  the 
blood.1 


It  might  be  supposed,  however,  that  the  severe  ketosis  of  diabetes,  phlorhizin 
poisoning,  or  starvation  is  the  result  of  some  difficulty  in  the  utilization  of  ketones 
by  the  periphery,  with  or  without  a  greater  production  by  the  liver.  This  possi¬ 
bility  has  been  tested  both  in  vitro  and  in  vivo ,  without  confirmation.  Chaikoff 
and  Soskin  (14)  have  shown  that  the  peripheral  tissues  of  the  diabetic  organism 
ispose  of  the  ketone  bodies  as  rapidly  as  do  those  of  the  normal  animal.  This  has 
since  been  amply  confirmed  (25,  48,  51,  54).  With  the  possible  exception  of  the 
a  renalectomized  animal  (58),  it  must  be  assumed  that,  whenever  ketones  appear 
in  excess  in  the  blood  and  other  tissues,  this  condition  is  due  to  a  rate  of  formation 
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It  is  clear  that  the  regulation  of  the  ketone  bodies  in  the  intact  organism  must 
depend  on  factors  which  either  increase  or  decrease  the  rate  of  formation  of  these 
substances  by  the  hepatic  cells,  as,  indeed,  the  terms  “ketogenesis”  and  “anti¬ 
ketogenesis”  imply.  It  is  necessary,  therefore,  to  interpret  those  conditions  or  sub¬ 
stances  which  increase  or  decrease  ketosis  in  terms  of  their  effects  on  the  liver.  The 
commonest  conditions  under  which  significant  ketosis  occurs  are  starvation  in  the 
normal  organism  and  experimental  or  clinical  diabetes.  Carbohydrate  is  the  chief 
antiketogenic  foodstuff,  while  protein  is  relatively  less  effective.  If  one  considers 
the  simple  outlines  of  the  conditions  governing  the  metabolism  of  a  hepatic  cell, 
one  must  include  the  substrates  available  for  its  metabolism,  the  availability  of 
enzymes  for  the  oxidation  of  those  substrates,  and  the  capacity  of  the  oxygen- 
carrier  systems  of  the  cells.  From  this  point  of  view,  it  is  not  difficult  to  account  for 
the  observed  facts  concerning  ketosis. 

Figure  36  is  a  diagrammatic  representation  of  the  various  hepatic  factors  in¬ 
volved  in  ketosis  and  antiketogenesis.  Both  starvation  and  diabetes  are  accom¬ 
panied  by  low  levels  of  liver  glycogen.  Whether  or  not  the  glycogen  level  itself  is 
the  critical  factor  or  is  merely  a  reflection  of  increased  glycogenolysis  (59,  60,  61), 
it  may  be  supposed  that  under  these  conditions  carbohydrate  yields  to  fat  as  the 
chief  substrate  for  oxidation.  This  might  be  regarded  as  a  simple  mechanical  result 
— the  fat  filling  the  space  no  longer  occupied  by  glycogen — or  might  perhaps  be 
more  accurately  described  as  the  establishment  of  the  predominance  of  fat  in  the 
competition  for  available  oxygen,  according  to  the  evidence  brought  forward  by 
Edson  (41)  and  by  Jowett  and  Quastel  (1,  n).  The  antiketogenic  action  of  pro¬ 
tein  may  be  similarly  explained  in  accordance  with  its  glycogenic  and  lipotropic2 
properties.  The  inferior  antiketogenic  potency  of  protein,  as  compared  with  carbo¬ 
hydrate,  may  depend  on  the  fact  that  some  of  its  constituent  amino  acids  are 
ketogenic.  It  may  also  depend  on  another  phenomenon,  which  has  been  experi¬ 
mentally  demonstrated  but  is  difficult  to  explain.  Edson  (19,  20)  has  shown  that 
ammonia  is  ketogenic  and  that  the  ammonia  produced  by  the  deamination  of  ami¬ 
no  acids  acts  similarly  to  exogenous  ammonia.  Hence,  when  amino  acids  form  a 
larger  proportion  of  the  substrates  of  the  liver  cell,  the  increased  amount  of  am¬ 
monia  liberated  may  play  a  role  in  stimulating  ketogenesis. 

The  work  of  Jowett  and  Quastel  (n)  and  of  Cohen  (18)  has  suggested  another 
type  of  mechanism  for  antiketogenesis,  namely,  competition  for  the  enzyme  sys- 
tern  concerned  with  the  conversion  of  fatty  acids  to  ketones.  These  workers  have 
shown  that  certain  substances,  with  “active”  groups  similar  to  those  possessed  by 
the  even-numbered  fats,  may  attach  themselves  to,  and  thus  compete  for,  this 
enzyme  system.  If  these  substances  themselves  produce  no  ketones,  or  less  ketones 
than  are  produced  by  equimolar  amounts  of  the  even-numbered  fats,  the  net  result 

.  Substances  which  prevent  accumulation  of  fat  in  the  liver  or  can  drive  fat  out  of  the  liver  are  known 
as  “lipotropic  materials.” 


Fig.  36— Factors  influencing  the  rate  of  formation  of  the  ketone  bodies  by  the  liver  cell.  Abbreviations:  E.F.A.,  fatty  acids  with  an  even  number  of 
carbon  atoms;  O.F.A .,  fatty  acids  with  an  odd  number  of  carbon  atoms;  K.A  .A.,  ketogenic  amino  acids;  and  Inhibitor,  substances  which  have  “active 
groups”  similar  to  those  of  fatty  acids  and  which  therefore  inhibit  ketogenesis  by  competition  for  the  enzyme,  e.g.,  benzoic  acid  and  a-aminobutyric 
acid.  The  malonate  inhibition  which  is  indicated  is  ketogenic  in  effect  by  decreasing  the  competition  for  available  oxygen  in  favor  of  the  reaction  Fatty 
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will  be  a  diminution  of  ketogenesis— even  though  some  of  these  substances  would 
themselves  be  ketogenic  in  action  if  given  at  a  time  when  the  enzyme  system  were 
unoccupied.  Such  substances  are:  odd-numbered  fatty  acids;  certain  amino  acids; 
and  benzoic,  cinnamic,  and  a-aminobutyric  acids.  The  type  of  inhibition  which 
they  exert  is  somewhat  analogous  to  the  well-known  action  of  malonate  on  the 
succinodehydrogenase  system  (62). 

\\  e  may  summarize  by  saying  that  the  ketone  bodies  are  probably  normal  inter¬ 
mediates  of  fatty  acid  catabolism  in  the  liver.  They  appear  in  excess  in  the  blood 
whenever  the  hepatic  metabolism  of  fat  is  sufficiently  speeded  up,  either  by  a  lack 
of  carbohydrate  substrate  or  by  a  disturbance  in  the  normal  regulation  of  the  sub¬ 
strate  mixture.  The  ketone  bodies  are  readily  utilized  by  the  peripheral  tissues, 
under  practically  all  known  conditions.  The  utilization  of  ketone  bodies  may  bear 
some  relationship  to  the  utilization  of  sugar  by  the  extrahepatic  tissues,  in  so  far  as 
these  two  substrates  may  compete  for  the  available  oxidative  mechanisms.  But 
it  is  evident  that  the  development  of  a  ketosis  in  the  diabetic  state  cannot  be  re¬ 
garded  as  evidence  for  the  non-utilization  theory  of  diabetes.  It  is  perhaps  more 
compatible  with  the  overproduction  theory;  for  if  one  broadens  the  latter  concep¬ 
tion  to  signify  the  overproduction  of  metabolic  substrates  (i.e.,  sugar  plus  ketones), 
it  is  clear  that  the  use  of  the  ketones  by  the  peripheral  tissues  will  leave  a  greater 
excess  of  sugar  to  accumulate  in  the  blood  and  spill  over  into  the  urine. 
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CHAPTER  XI 

\ 

THE  RESPIRATORY  QUOTIENT 

SOME  observations  on  the  respiratory  exchange  in  man  under  varying  con¬ 
ditions  of  food  intake  were  published  in  1849  by  Reynault  and  Reiset  (1). 
They  noted  that  the  ratio  between  the  expired  C02  and  the  intake  of  oxygen 
in  a  stated  period  varied  from  0.64  to  1.02,  depending  upon  the  nutritional  state 
of  the  individual  tested.  Pflueger  (see  5)  coined  the  term  “respiratory  quotient” 
(R.Q.)  for  the  ratio  C02:02;  and  Voit  (2),  Rubner  (3),  Benedict  (4),  Lusk  (5),  and 
others  (6,  7)  developed  the  theoretical  basis  and  the  practical  application  of  the 

use  of  the  R.Q.  in  the  calculation  of  the  amounts  and  types  of  foodstuff  used  by 
the  body. 

Unlike  the  other  two  major  foodstuffs,  protein  is  not  completely  oxidized  in  the 
animal  body.  The  portions  of  the  protein  molecule  which  contain  nitrogen  (as 
NH,  groups,  purine  rings,  etc.)  are  eliminated  in  the  urine  in  the  form  of  urea  am¬ 
monia,  uric  acid,  etc.  It  can  be  calculated  that  i.ogm.  of  protein  contains  approxi¬ 
mately  0.16  gm.  of  nitrogen.  In  other  words,  for  every  gram  of  nitrogen  found  in 
e  unne  i.o  :  0.16  or  6.25,  gm.  of  protein  must  have  been  deaminated  (see  p. 

dmm'mki  residues  of lhe  ami™  acids  are  completely  oxi- 
zed  to  CO,  and  H,0  during  the  period  0 f  observation,  each  gram  of  urinary  nitrogen 
represents  6.25  gm  of  protein  completely  metabolized.  This  would  require  o  p  7 
liter  of  oxygen  and  produce  0.774  liter  of  CO,  (7).  q  957 

On  this  basis,  the  amount  of  oxygen  consumed  and  of  CO,  produced  as  the  result 
of  protein  metabolism  are  calculated  from  the  amount  of  nitrogen  elr  ted  in  the 
unne.  Subtracting  these  amounts  of  oxygen  and  CO  from  thfTni  . 
exchange  during  a  given  period  gives  the  amounts  of  CO  a  H  respiratory 

metabolism  of  the  two  remaining  foodstuffs— fat  and  *  u  y,  °Xygen  due  t0  tfle 
metabolism).  The  ratio  of  the  non-protein  CO  to  tn  carbohydrate(n°n;protein 
the  “non-protein  R.Q.”  (N.P.R.O  )  As  •  e  non-protein  oxygen  is  called 

R.Q.  for  comDlete  sugar  oxidation  is  ^  I  P’  ^  the  theoretical 

particular  instance  is  about  o  7  all  the  ^  °'707'  If  the  NPRQ-  a 

production  is  interpreted  as  ’cominn  |°,,‘‘P':0tein  °Xygen  consumPti<>n  and  CO, 
above  0.7  is  co„sidTred  tore  duT  o\t  L  0m  *  C°mbuStion-  A"y  Crease 
change  coming  from  carbohydje «n ^  ~ 

elusive  carbohydrate  oxidation  ’  A  N-p-R-Q-  of  i.oo  indicates  ex- 

“”int  "  ““I  (,) 
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Data: 

Urine  nitrogen .  0.202  gm/hr 

02  consumption .  n.195  L/hr 

C02  production .  8 . 290  L /hr 


Calculations: 

1  gm.  of  urine  N  represents  6.25  gm.  of  metabolized  protein 

Protein  oxidized  =  0.202  X  6.25  =  1.26  gm/hr 
To  oxidize  1  gm.  of  protein  0.957  L.  of  02  are  required  and  0.774  L.  of  C02  are  produced 
02  used  in  the  oxidation  of  protein  =  1.26  X  0.957  =  1 . 206  L. 

and  C02  produced  in  the  oxidation  of  protein  =  1.26  X  0.774  =  0.975  L. 

Non-protein  02  =11.195  —  1 .206  =  9.989  L. 

and  non-protein  C02  =  8.290  —  0.975  =  7.315  L. 

7 . 7  1  c 

Non-protein  R.Q.  = - —  =  0.733 

9.989  - 


Percentage  of  non-protein  02  used  by  CHO  = 

10o  (°-733  ZiWb  8.87  percent 

\I  .OO  —  0.707  / 

9.989  X  8.87 

02  used  for  CHO  oxidation  = - - -  =  0.886  L. 

100 

and  C02  produced  by  CHO  oxidation  (R.Q.  =  1 .00)  =  0.886  L. 

02  used  for  fat  oxidation  =  9.989  —  0.886  =  9.103  L. 
and  C02  produced  by  fat  oxidation  =  7.315  —  0.886  =  6.429  L. 
To  oxidize  1  gm.  of  CHO  (starch)  0.829  L.  of  02  are  required 

o .  886  ,. 

CHO  oxidized  =  — - —  =1.07  gm/hr 
0.829  - - 

To  oxidize  1  gm.  of  fat  2.013  L.  of  02  are  required 

Fat  oxidized  =  - - -  =  4-S2  gm/hr 

2.013  - 


Similar  calculations  may  be  made  for  all  levels  of  the  N.P.R.Q.  from  0.7  to 
1.0.  In  actual  practice,  it  is  customary  to  ascertain  the  significance  of  an  R.Q.  de¬ 
termination  by  consulting  tables  or  nomograms  prepared  by  Zunz  and  Schum- 
burg  (8),  Du  Bois  (9),  and  others  (5). 


THE  COMPOSITE  NATURE  OF  THE  R.Q. 

It  is  becoming  increasingly  more  evident  that  the  N.P.R.Q.  of  the  whole  body, 
like  the  D :  N  ratio,  cannot  be  regarded  as  the  index  of  a  single  process.  The  ort  o- 
dox  interpretation  of  the  N.P.R.Q.  of  about  0.7  involves  the  tacit  assumption  that 
the  only  vital  processes  (aside  from  protein  catabolism)  which  are  in  progress  and 
which  ultimately  consume  oxygen  and  give  rise  to  CO,  are  those  associated  with 
the  oxidation  of  fat.  Yet  there  is  very  satisfactory  evidence  that  other  process 
which  require  oxygen  or  yield  CO,  are  taking  place  under  those  11 

generally  agreed,  for  example,  that  the  brain  derives  its  energy  so  y 
Dense  o/carbohydrate  and  yields  an  R.Q.  of  about  1.0  at  all  times  (10,  u,  I2>  3, 
r!)  This  high  R.Q.  must  be  balanced  by  a  correspondingly  low  one  in  some  other 
titsulor  organ  if  the  composite  R.Q.  of  0.7  obtained  from  the  whole  body  ,s  to 
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mean  anything  at  all.  Authentic  low  R.Q.’s  below  0.7  have  been  obtained  particu¬ 
larly  from  the  liver,  as  will  be  discussed  in  chapter  xiii  (p.  142).  It  is,  therefore, 
obvious  that  the  correct  interpretation  of  an  R.Q.  cannot  be  as  simple  as  that  used 
by  its  original  exponents  and  some  of  their  present-day  followers. 

The  conception  of  constituent  R.Q.’s  going  to  form  a  composite  R.Q.  has  actual¬ 
ly  been  used  to  explain  values  of  the  R.Q.  over  1.0.  The  transformation  of  carbo¬ 
hydrate  into  fat,  a  material  with  relatively  lower  oxygen  content,  would  yield  a 
theoretical  R.Q.  of  about  8.0: 


4C6H12O6  +  O2  — >  C16H32O2  -f-  8CO2  -j-  8H2O 
R.Q.  =  |  =  8.0 

This  transformation  usually  occurs  when  there  is  a  plethora  of  carbohydrate  avail¬ 
able  in  the  body.  Under  these  circumstances  the  R.Q.  above  unity  is  said  to  result 
from  the  transformation  and  the  simultaneous  oxidation  of  carbohydrate  (5,  7). 
However,  for  the  sake  of  convenience,  this  type  of  explanation  has  been  confined 
artificially  to  R.Q.  values  over  1.0.  It  is  evident  that,  if  carbohydrate  could  be 
converted  to  fat  under  conditions  where  fuels  other  than  carbohydrate  were  also 
being  oxidized,  any  R.Q.  under  1.0  might  have  a  high  component  due  to  the 
transformation,  thus  abrogating  the  classical  calculations.  In  reality,  there  is  no 
evidence  that  this  does  not  occur.  In  fact,  the  work  of  Schoenheimer  and  his  asso- 
ciates  ( r5, 16),  in  which  heavy  isotopes  were  used  as  markers,  has  clearly  indicated 
at  there  is  a  constant  interconversion  of  one  foodstuff  into  another  even  under 
conditions  where  no  body  weight  is  gained  or  lost. 

tionnfhlart  a"df  “arkowitz(I7)  and  others  have  shown  that  the  oral  administra- 
,  5  gm',°  g)ucose  t0  the  fasting  human  causes  a  leisurely  rise  in  the  R  O  to 

values  somewhat  less  than  r.o,  while  the  administration  of  equivalent  quantities 
of  sucrose  galactose,  levulose,  or  dihydroxyacetone  causes  a  prompt  r^Tn  he 
R.Q.  to  values  above  unity.  The  more  rapid  rise  in  the  R  O  whi,h  P  u 

latter  substances  cannot  be  accounted  for  by  th  aZtSH  6 
the  gastro-intestinal  tract  anrt  th«-  u  •  ,  a.1Ve  rates  of  absorption  from 

patible  with  an  R  Q  over  i  o  It  is  ,mical  comPosition  is  theoretically  incom- 
simple  foodstuffs  do  not  yield  R  O ’s  t'T  herelfore'  that  even  such  relatively 
suiting  from  their  ox Matfon  alone^  interpreted  as  re- 

Much  has  been  made  of  the  fart  that  iu  v>  r  i 

ism  has  not  very  often  been  found  to  fall  below  o°7  InT^  mammalian  or«an- 
tomary  to  ascribe  any  lower  R  O  to  somP  I  f  7'  *  deed’  11  Was  fo™erly  cus- 
cently  admittedly  authentic  low  Rnu  ndyected  fault  >n  technic.  More  re¬ 
instances  in  the  Iherature  whia^simL'T  f°btained  *9),  and  other 

have  been  reviewed.  Some  of  these  low  values  were  obtT  HeChmCal  Criticism  ^9) 
jects  under  special  conditions  of  feeding  fn  tamed  in  normal  human  sub- 

teeding  for  example,  on  high  fat  intakes  before 
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the  subjects  became  acclimatized  to  the  abnormal  diet.  This  is  significant  because 
the  customary  feeding  habits  of  man  and  of  animals  have  resulted  in  rather  arbi¬ 
trary  conventions  as  to  the  number,  composition,  and  size  of  meals  and  as  to  the 
periods  during  which  R.Q.  measurements  of  the  absorptive  and  post-absorptive 
states  are  made.  The  intake  of  food  is  ordinarily  spread  over  a  considerable  pro¬ 
portion  of  the  24  hours.  This  means  that  all  the  various  oxidations,  conversions, 
etc.,  which  yield  the  highest  and  lowest  components  of  the  composite  R.Q.  are 
usually  proceeding  simultaneously.  Under  these  circumstances  one  could  hardly 
expect  to  obtain  anything  more  than  an  intermediate  range  of  values  for  the  R.Q. 
of  the  whole  body. 

To  succeed  in  demonstrating  a  truer  range  for  the  component  R.Q.’s  of  the  body 
on  a  normal  diet,  it  would  be  necessary  to  set  the  experimental  conditions  so  as  to 
allow  the  processes  responsible  for  either  the  lowest  or  highest  component  R.Q.’s 
to  predominate  temporarily.  In  other  words,  it  would  be  necessary  “to  catch  the 
metabolic  processes  off  balance.”  This  has  been  done  by  Werthessen  (20),  who 
trained  rats  to  eat  their  entire  24-hour  food  requirement  within  a  period  of  1-5 
hours.  He  found  that  in  the  same  animal,  after  such  a  meal,  the  R.Q.  (determined  at 
frequent  intervals)  varied  from  extremely  low  to  extremely  high  values.  The  range 
of  these  variations  in  all  his  animals  was  from  0.27  to  1.70!  (See  Fig.  37-)  Markowitz 
(personal  communication),  working  with  Cathcart,  performed  this  experiment 
upon  himself  and  obtained  results  similar  to  those  reported  by  Werthessen.  These 
experiments  show  that  the  range  of  R.Q.  values  ordinarily  obtained  depends  not 
so  much  upon  the  chemical  reactions  in  the  body  as  upon  the  customary  conditions 
of  observation.  The  extreme  R.Q.  values  obtained  under  special  conditions 
again  demonstrate  that  the  usual  R.Q.’s  are  integrals  of  higher  and  lower  quo- 

tients.  .  ,  „  < 

The  fact  that  the  R.Q.  of  the  whole  body  is  a  composite  of  many  R.Q.  s  originat¬ 
ing  in  different  organs  and  arising  from  different  chemical  reactions  occurring 
simultaneously,  does  not  preclude  the  possibility  that  all  the  energy  involved  may 
not  ultimately  be  derived  from  a  single  foodstuff.  When  an  N.P.R.Q.  of  o.7  is  ob¬ 
tained,  it  is  possible  that  only  fat  is  being  broken  down,  that  some  of  it  is  oxidized 
directly  in  one  organ,  that  in  a  second  organ  another  portion  of  the  fat  is  t 
formed  into  other  metabolites,  and  that  these  metabolites  are  oxidized  ms  U 
third  one  The  net  result  of  all  these  processes  could  still  be  an  R.Q.  of  0.7.  1 
X  is  that  this  figure,  by  its  very  nature,  depends  solely  on  ^ starting  — 
and  the  end-products  of  the  series  of  reactions.  It  gives  no  indication  whatever  of 
the  intermediate  reactions.  Under  these  circumstances  the  characteristic  diabe  .c 
R  Q  can™  t  be  interpreted  as  indicating  a  lack  of  ability  to  oxidize  carbohydrate. 
Ss  a  fatty  acid  ndght  break  down  directly  to  CO,  and  H,0  as  follows: 

Cl8H3602  +  26O2-*  I8CO2  +  I8H2O 
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The  theoretical  R.Q.  of  this  process  is  18  -j-  26  =  0.693.  The  same  fatty  acid  might 
first  be  converted  to  carbohydrate  and  then  oxidized: 

C18H36O2  -f-  8O2  — >  3CeHi206  ~h  I8O2  — >  I8CO2  ~f~  I8H2O 

The  R.Q.  for  this  manner  of  breakdown  is  also  18  -s-  (18 +8)  =  0.693. 

A  further  characteristic  of  the  diabetic  R.Q.  is  its  failure  to  rise  after  the  admin¬ 
istration  of  carbohydrate,  as  it  does  in  the  normal  organism.  This  abnormality 
may  be  explained  on  exactly  the  same  basis  as  the  quantitative  excretion  of  ad- 
R.Q. 
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CHAPTER  XII 

GLUCONEOGENESIS  FROM  PROTEIN 


THE  discussion  of  the  D:N  ratio  (chap,  ix)  led  to  the  conclusion  that  the 
type  of  evidence  obtained  by  feeding  protein  to  the  depancreatized  ani¬ 
mal  shows  only  that  some  of  the  sugar  which  is  excreted  is  derived  from 
the  administered  protein,  and  that  it  is  impossible  to  say  to  what  extent  this  con¬ 
version  occurs.  When  the  phlorhizinized  animal  is  used  in  the  same  way,  there  is 
the  added  difficulty  of  having  to  account  for  a  relatively  larger  sugar  excretion 
than  that  which  occurs  in  the  depancreatized  animal. 

Somewhat  simpler  experimental  conditions  are  possible  when  perfused  organs 
and  isolated  tissues  are  used.  Since  the  composition  of  proteins  is  variable,  the 
testing  of  individual  amino  acids  on  the  isolated  organs  and  tissues  is  a  further  sim¬ 
plification  of  the  problem.  The  use  of  amino  acids  is  convenient  as  regards  their 
addition  to  perfusates  and  nutritive  media;  and  the  results  are  quite  acceptable  as 
reflecting  normal  physiology,  for  both  ingested  proteins  and  endogenous  proteins 
are  hydrolyzed  to  amino  acids  in  the  intact  organism  before  further  catabolism. 

The  literature  up  to  the  year  1930  relating  to  the  conversion  of  amino  acids  to 
carbohydrate  was  comprehensively  reviewed  by  Rapport  (1).  Table  15  summarizes 
the  essential  information  compiled  by  him  and  the  additional  evidence  which  has 
accumulated  during  the  intervening  years.  Data  on  the  conversion  of  amino  acids 
to  /3-keto  acids  are  also  included  because  of  the  possible  transformation  of  the  lat¬ 
ter  into  sugar,  a  subject  to  be  discussed  in  the  following  chapter.  The  information 
in  Table  15  is  derived  from  the  following  types  of  experiments: 

In  vivo: 


1.  Amino  acids  are  fed  to  depancreatized  or  phlorhizinized  dogs,  and  the  urine 

is  analyzed  for  the  extra  glucose  excreted  over  and  above  the  amounts  excreted 
on  previous  days. 

2.  Amino  acids  are  fed  to  starving  normal  animals,  and  the  rise  in  liver  glv- 

kefoL' hnT  ^  Tu  ‘"nr  ?f  transformation  to  carbohydrate.  An  increase  of  the 
tone  bodies  in  the  blood  and  urine  is  taken  as  evidence  of  conversion  of  the 
ammo  acids  to  /3-keto  acids.  conversion  ot  the 

P erfusion  experiments: 

1.  The  liver  is  perfused  with  blood  to  which  the  various  amino  acids  are  added 
for^sformitr  "  “  °f  **  bIood  »  taken  as  evidence 
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TABLE  15* 

Available  Evidence  for  Gluconeogenesis  and  Ketogenesis  from  the  Amino  Acids 


In  vivo  Experiments 

To 

To 

hy¬ 

drates 

Ke¬ 

tones 

References  and  Remarks 

f  + 

O 

Lusk  (14),  phlorhizinized  dogs 

O 

.... 

Pflueger  (15),  normal  dogs 

O 

.... 

Wilson  (16),  normal  rats 

•’0— >-f- 

O 

Butts  (17),  normal  rats 

+ 

.... 

MacKay  (12),  normal  rats 

O 

.  .  .  . 

Olsen  (11),  normal  rats  (iso¬ 
tope  carbon  as  tracer) 

f  + 

O 

Lusk  (14),  phlorhizinized  dogs 

+ 

O 

Butts  (17),  normal  rats 

1  + 

O 

Wilson  (16),  normal  rats 

f  + 

Rapport  (1),  phlorhizinized 
dogs 

Butts  (17),  normal  rats 

1  + 

O 

0 

O 

Dakin  (20),  phlorhizinized 
dogs 

Butts  (21),  normal  rats 

jo— ►+ 

O 

+ 

.... 

Rose  (22),  phlorhizinized  dogs 

+ 

Butts  (23),  normal  rats 

1°' 

Dakin  (20),  phlorhizinized 
dogs 

f  + 

+ 

Butts  (23),  normal  rats 

° 

O 

Dakin  (25),  phlorhizinized 
dogs 

+ 

O 

Butts  (23),  normal  rats 

/  + 

O 

Lusk  (14),  phlorhizinized  dogs 

\  + 

O 

Butts  (26),  normal  rats 

r  + 

O 

Lusk  (14),  phlorhizinized  dogs 

+ 

Wilson  (16),  normal  rats 

1  + 

O 

Butts  (26),  normal  rats 

+ 

< 

O 

Dakin  (20),  phlorhizinized 
dogs 

0— >+ 

Butts  (28),  normal  rats 

+ 

O 

Dakin  (20),  phlorhizinized 
dogs 

° 

O 

Dakin  (25),  phlorhizinized 
dogs 

Butts  (28),  normal  rats 

0 

O 

+ 

Dakin  (25),  phlorhizinized 
dogs 

0 

.  .  .  . 

Butts  (30),  normal  rats 
Transformed  to  cystine  ( q.v .) 

1  0 

+ 

Dakin  (20),  phlorhizinized 

1  + 

O 

dogs 

Butts  (31,  32),  normal  rats 

f  0 

+ 

Lusk  (14),  phlorhizinized  dogs 

{0— »+ 

O 

Butts  (31,  32),  normal  rats 

f  0 

O 

Dakin  (25),  phlorhizinized 

O 

dogs 

Remmert  (33)  and  Feather- 
stone  (34),  normal  rats 

Amino  Acid 


Glycine . 

Alanine . 

Serine. . 


Valine . 


Leucine . 


Isoleucine. 

Norleucine . 
Aspartic.  .  . 


Glutamic. 


Arginine.  . 
Ornithine . 


Lysine.  . 
Cysteine . 


Cystine.  . . . 
Methionine. 


Phenylalanine. 
Tyrosine . 


Histidine. 


Perfusion  and  in  vitro  Experiments 


To 

Car¬ 

bohy¬ 

drates 


+ 

+ 

+ 


+ 

+ 


+ 

+ 


To 

Ke¬ 

tones 


+ 

+ 


References  and  Remarks 


+ 

+ 

+ 

+ 


Bach  (5),  liver  and  kidney 
perfusions  and  slices 
Bach  (6),  liver  slices 


Embden  (i8),  liver  perfusion 
Krebs  (7),  liver  slices 

Chargaff  (19),  liver  extracts 


Embden  (24),  liver  perfusion 
Edson  (13),  liver  slices 


Krebs  (7),  liver  and  kidney 
Weil -Malherbe  ( 2  7),  liver 


Smythe  (29),  liver  slices 

Smythe  (29),  liver  slices 

Embden  (24),  liver  perfusion 

Edson  (13),  liver  slices 
Embden  (24),  liver  perfusion 
Edson  (13),  liver  slices 
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TABLE  15 — Continued 


Amino  Acid 

In  vivo  Experiments 

Perfusion  and  in  vitro  Experiments 

To 

Carbo- 

hy¬ 

drates 

To 

Ke¬ 

tones 

References  and  Remarks 

To 

Car¬ 

bohy¬ 

drates 

To 

Ke¬ 

tones 

References  and  Remarks 

(  O 

O 

Dakin  (25),  phlorhizinized 

Tryptophane.  .  . 

j 

dogs 

1  O 

O 

Borchers  (35),  normal  rats 

(  + 

O 

Dakin  (25)  and 

O 

Edson  (13),  liver  slices 

Proline . 

+ 

O 

Kapfhammer  (36),  phlorhiz- 

l 

inized  dogs 

Hydroxyproline. 

+ 

O 

Kapfhammer  (36),  phlorhiz- 

+ 

Edson  (13),  liver  slices 

inized  dogs 

In  vitro: 

1.  Tissue  slices  (generally  liver)  are  incubated  in  the  Warburg  respirometer 
with  various  amino  acids;  and  the  rise  in  total  carbohydrate,  carbohydrate  inter¬ 
mediates,  and  ketone-body  content  of  the  slices  is  measured. 

2.  Enzyme  preparations  from  animal  tissues  are  employed  to  follow  the  path¬ 
way  of  the  intermediate  metabolism  of  amino  acids. 

It  may  be  seen  that  a  large  part  of  the  evidence  collected  in  Table  15  was  ob¬ 
tained  in  vivo,  using  the  D  :N  ratio  or  the  increase  in  liver  glycogen  content  as  the 
criterion  for  carbohydrate  formation.  The  same  objections  as  were  raised  against 
the  use  of  the  D:N  ratio  in  the  study  of  gluconeogenesis  from  protein  also  apply 
in  the  present  connection.  The  increase  in  liver  glycogen  after  amino  acid  admin¬ 
istration  was  not  regarded  as  a  quantitative  index,  even  by  those  who  used  this 
criterion.  This  leaves  the  perfusion  and  the  in  vitro  experiments  as  the  possible 
source  of  reliable  quantitative  information.  When  all  the  quantitative  evidence  is 
summarized,  it  may  be  seen  that  definite  information  is  available  about  only  six 
amino  acids.  Alanine,  aspartic  acid,  and  glutamic  acid  are  converted  to  carbohy¬ 
drate  in  definite  proportions  and  by  known  pathways,  as  follows: 

(1)  ASPARTIC  Oxalacetic  GLUTAMIC  (3) 

j-co. 

(2)  ALANINE  Pyruvic 

I 

CARBOHYDRATE 


Lysine,  tryptophane,  and  leucine  are  not  convert^  m 

There  our  quantitative  information  ends.  Y  meaSurable  degree- 
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This  leaves  fifteen  amino  acids  about  which  only  qualitative  information  is 
available,  and  the  information  we  do  have  casts  considerable  doubt  upon  the 
validity  of  even  this  type  of  conclusion.  For  example,  the  in  vivo  evidence  as  to 
gluconeogenesis  from  glycine  is  contradictory,  only  two  out  of  seven  sets  of  ex¬ 
perimenters  having  obtained  apparently  unequivocal  evidence  that  this  occurred. 
The  in  vitro  evidence  as  to  the  metabolic  fate  of  glycine  is  not  wholly  clear,  and  it 
is  contradictory  in  some  respects.  It  is  well  established  that  glycine  is  one  of  the 
building  stones  of  creatine  (2,  3,  4)  and  that  it  may  condense  with  a-ketoacids, 
probably  forming  new  amino  acids  (5).  However,  there  is  no  unanimity  of  opinion 
as  to  the  deamination  of  glycine.  Thus,  Bach  (5,  6)  found  that  neither  kidney  nor 
liver  slices  were  able  to  deaminate  glycine.  Moreover,  the  standard  amino  acid 
oxidase  preparations  exert  no  effect  upon  this  amino  acid  (7).  However,  very  re¬ 
cently  Green  et  al.  (8)  prepared  a  glycine  oxidase  system  from  kidney  which  con¬ 
verts  glycine  to  glyoxylic  acid: 


CH2NH2  •  COOH CHO  •  COOH  +  NH3 


Another  enzyme  system  converts  glyoxylic  acid  to  oxalic  acid  (COOH •COOH) 
(8) ;  but,  since  previous  work  has  shown  that  oxalic  acid  is  not  further  convertible 
in  the  animal  body  (9,  10),  the  work  of  Green  indicates  that  glycine  does  not  by  it¬ 
self  give  rise  to  glucose. 

This  conclusion  is  strengthened  by  the  work  of  Olsen  et  al.  (n),  who  fed  iso¬ 
topic  glycine  to  rats.  The  liver  glycogen  showed  a  delayed  rise  (confirming  Mac- 
Kay  [12]).;  but  this  glycogen  was  not  derived  from  the  administered  glycine,  for  it 
did  not  contain  any  of  the  heavy  carbon.  Olsen  et  al.  (11)  drew  the  important  con¬ 
clusion  that  evidence  concerning  the  conversion  of  amino  acids  to  glucose  derived 
from  in  vivo  and  in  vitro  experiments  should  be  re-examined,  using  labeled  amino 
acids  It  is  not  sufficient  to  show  extra  glucose  excretion  or  increased  liver  glyco¬ 
gen.  To  be  unequivocal,  the  evidence  must  show  that  the  newly  formed  glucose  or 
glycogen  is  built  up  from  the  constituent  atoms  of  the  amino  acid  under  mvestiga- 

To  cite  another  example,  proline  administered  to  phlorhizimzed  dogs  has  been 
shown  to  give  rise  to  an  extra  excretion  of  sugar,  leading  to  the  conclusion  that  it  is 
glycogenic;  but  with  a  slight  change  in  the  molecule  to  hydroxyprolme  (a  change 
which  can  readily  occur  in  the  body)  it  can  form  ketones  in  liver  slices  (13).  _ 

We  may  summarize  the  present  knowledge  by  saying  that,  whatever  its  empin- 
cal  usefulness  the  figure  of  44-58  per  cent  commonly  used  in  metabohe  and  nutn- 
tional  work  to  calculate  the  carbohydrate  equivalent  of  protein  has  no  real  basis  1 
fact  Even  under  the  simplest  conditions,  using  amino  acids  and  the  m  vitro  tec 
,  it  has  thus  far  been  possible  to  ascertain  the  quantitative  fate  o only  a 


me 


the  amino 


acids.  1  t  is  evident  that  much  work  remains  to  be  done  in  this  field. 
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11. 
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13- 
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18. 

19. 
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23- 

24. 
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27. 
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CHAPTER  XIII 

GLUCONEOGENESIS  FROM  FAT 


THERE  has  been  a  long  controversy  regarding  the  possibility  of  gluconeo- 
genesis  from  fatty  acids  (i,  2,  3,  4),  a  controversy  made  possible  by  the 
former  dearth  of  positive  evidence  for  carbohydrate  utilization  in  the  dia¬ 
betic  organism.  However,  once  carbohydrate  utilization  by  the  diabetic  organism 
is  granted,  as  now  it  must  be  (cf.  chap,  xvi),  it  follows  inevitably  that  the  break¬ 
down  of  protein  cannot  supply  sufficient  sugar  for  both  utilization  and  excretion, 
and  it  must  be  concluded  that  the  organism  forms  sugar  from  fatty  acids  as  well  as 
from  protein. 

INDIRECT  EVIDENCE 


The  indirect  demonstration  of  gluconeogenesis  from  fat,  whether  in  the  normal 
or  the  diabetic  animal,  is  not  difficult,  once  the  masking  effect  of  the  simultaneous 
utilization  of  the  formed  carbohydrate  is  taken  into  account.  From  carbohydrate- 
balance  experiments  on  rats  and  rabbits  Cori  (5)  calculated  the  quantities  of  blood 
sugar  which  the  liver  would  have  to  secrete  in  order  to  account  for  the  epinephrin 
hyperglycemias  which  he  observed.  It  was  apparent  that  the  liver  could  not  supply 
the  necessary  amounts  of  blood  sugar  unless  the  greater  portion  of  that  sugar  were 
derived  from  fatty  acids.  Since  he  considered  the  latter  process  unlikely,  he  mar¬ 
shaled  certain  evidence  from  which  he  concluded  that  epinephrin  hyperglycemia 
is  due  chiefly  to  a  decreased  utilization  of  sugar  by  the  muscles.  Soskin  and  co¬ 
workers  (6)  tested  Cori’s  findings  and  conclusions  by  using  measurements  of  blood 
flow  to  convert  arteriovenous  blood-sugar  differences  into  amounts  of  sugar  re¬ 
tained  by  the  muscles  per  unit  of  time.  They  could  find  no  indication  that  epi¬ 
nephrin  decreased  the  utilization  of  sugar.  Similar  negative  results  were  obtained 
when  the  experiments  were  repeated  with  the  co-operation  of  Essex,  Herrick,  and 
Mann  (7).  Still  more  recently,  Himsworth  and  Scott  (8)  have  reported  that  epi¬ 
nephrin  actually  increases  the  utilization  of  sugar  by  the  peripheral  tissues.  Although 
the  significance  of  the  data  which  they  interpreted  to  mean  an  increased  sugar 
utilization  may  be  open  to  question,  their  results  certainly  confirm  the  fact  that 

rep.hnn  ,T  n0t  CiaT,a  deCreased  utiHzation  of  sugar.  From  these  considera- 
ions  must  be  concluded  that  epinephrin  hyperglycemia  is  a  hepatic  affair  and 

that,  if  Con  s  above-mentioned  calculations  are  correct,  they  indicate  the  occur 

reBC:  a  dtC°7geneSiS  lr7  fat  in  Kver,  under  thi  influent  eptephX 
y  erent  approach,  Young  (9)  to),  using  figures  available  from  hepatec- 
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tomy  experiments  for  the  sugar  utilization  of  the  extrahepatic  tissues  of  normal 
and  depancreatized  animals,  calculated  that  sugar  must  be  formed  from  fatty 
acids  in  the  livers  of  both  types  of  animal,  as  follows  (9) : 

The  follow  ing  calculations,  based  on  data  in  the  literature,  suggest  that  the  conversion  of 
fatty  acids  to  sugar  is  occurring  at  a  considerable  rate  in  the  liver  of  the  fasting  dog,  either  in 
the  presence  or  absence  of  the  pancreas,  and  the  possibility  that  sugar  production  from  fatty 
acid  is  occurring  at  a  maximum  rate  in  these  conditions,  so  that  the  addition  of  extra  fat  cannot 
further  stimulate  carbohydrate  formation  from  this  source,  must  be  seriously  considered. 

Fasting  dog. — Mann  [11]  found  that  in  the  liverless  dog  the  infusion  of  0.25  gm.  of  glucose 
per  Kg.  body  weight  per  hour,  on  the  average,  was  required  to  maintain  the  blood  sugar  within 
normal  limits.  This  implies  that  unless  the  metabolism  of  the  extrahepatic  tissues  is  altered  in  a 
profound  but  undetected  manner  by  hepatectomy,  the  liver  was  producing  sugar  at  this  rate 
before  its  removal.  Soskin  and  Mirsky  [12]  find  that  the  sugar  requirement  of  the  tissues  of  dogs 
fasted  more  than  20  days  before  evisceration  is  normal,  so  that  presumably  hepatic  sugar  secre¬ 
tion  is  not  diminished  during  a  long  fast,  a  result  in  agreement  with  those  of  Wierzuchowski  and 
Fiszel  [13]  wrho  found,  by  direct  measurement  of  the  sugar  in  the  blood  flowing  through  the  liver, 
that  the  liver  of  a  28  day  fasted  dog  was  liberating  0.25  gm.  of  glucose  per  Kg.  body  weight  per 
hour,  i.e.  60  gm.  per  day  for  a  10  Kg.  dog.  The  average  arteriovenous  blood  difference  in  fasting 
animals  is  4  mg.  per  cent  [Cori  (5)],  and  if  the  tissues  of  a  fasting  10  Kg.  dog  are  absorbing  sugar 
at  the  above  rate  of  60  gm.  per  day,  the  circulation  rate  must  be  expected  to  be  about  100  cc.  per 
Kg.  per  minute,  a  not  unreasonable  figure.  That  the  liver  of  the  fasting  10  Kg.  dog  is  actually 
secreting  sugar  at  the  rate  of  60  gm.  per  day  is  therefore  probable. 

The  fasting  dog  excretes  0.18-0.30  gm.  of  nitrogen  per  Kg.  per  day  [Lusk  (1)],  indicating  that 
a  fasting  10  Kg.  dog  catabolizes  not  more  than  25  gm.  of  protein  each  day.  Bollman  and  Mann 
[14]  find  that  hepatectomy  does  not  significantly  affect  the  blood-lactate  level  of  the  dog,  while 
according  to  Wierzuchowski  and  Fiszel  [13]  lactate  absorption  by  the  fasting  dog’s  liver  ac¬ 
counts  for  less  than  10  per  cent  of  the  sugar  produced  by  the  liver  of  the  fasting  10  Kg.  dog.  The 
BMR  of  such  a  dog  is  about  500  cals,  per  diem  [Lusk  (1)];  if  this  energy  were  provided  by  the 
oxidation  of  fat  only  then  500/9  =  55  gm.  of  fat  would  be  oxidized  daily,  of  which  approximately 
10  per  cent,  i.e.  about  6  gm.,  is  glycerol,  which  could  be  converted  to  sugar,  the  glycogen  of  the 
body  might  account  totally  for  40  gm.  of  carbohydrate  [Lusk  (1)],  but  it  is  clear  that  after  2  days 
or  so  of  fasting  the  source  of  60  —  (25  +  6  +  6)  =  23  gm.  of  the  daily  hepatic  sugar  produc¬ 
tion  of  the  10  Kg.  dog  is  unaccounted  for.  This  discrepancy  is  so  great  that  it  seems  impossible 
to  account  for  the  facts  without  assuming  considerable  conversion  of  fatty  acid  to  sugar  in  the 

liver  of  the  fasting  dog.  ,  ,  , 

Depancreatized  dog—  Mann’s  [n]  observation  that  hepatectomy  of  a  previously  depancre  - 

tized  dos  resulted  in  a  fall  of  blood  sugar  level  similar  to  that  occurring  in  a  normal  hepatec- 
tomized  dog  was  confirmed  by  Yater,  Markowitz  and  Cahoon  [15],  who  found  that  the  infusion 
of  o  19  gm  of  glucose  per  Kg.  body  weight  per  hour  would  suffice  to  maintain  the  blood  sugar  at 
a  normal11 (not^ hyperglycemic)  level.  This  implies  that  previous  to  hepatectomy  the  liver  was 

DIRECT  EVIDENCE 

The  conversion  of  the  naturally  occurring  fats  into  carbohydrate  has  been  con¬ 
clusively  proved  in  the  germinating  seedlings  of  plants  (16,  17,  18,  19,  20> 

23)  Our  present  knowledge  of  tissue-enzyme  chemistry  and  of  intermediary  met 
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olism  indicates  the  existence  of  suitable  pathways  for  gluconeogenesis  from  fatty 
acids  (chap,  iii,  p.  54).  The  point  at  issue,  therefore,  is  not  whether  the  process 
can  occur  but  whether  it  does  occur  in  the  mammalian  organism. 

In  view  of  Young’s  calculations,  it  is  of  interest  to  consider  why  the  administra¬ 
tion  of  fat  to  experimentally  diabetic  animals  has  usually  not  resulted  in  sufficient 
excretion  of  extra  sugar  to  indicate  gluconeogenesis  from  fatty  acids  when  the  cal¬ 
culations  were  made  on  the  basis  of  the  classical  interpretations  of  the  D :  N"  ratio 
(24).  This  is  not  surprising  when  it  is  remembered  that  these  interpretations,  by 
their  very  nature,  practically  exclude  the  possibility  that  such  calculations  might 
yield  positive  results.  Even  so,  it  might  still  be  possible  to  show  extra  sugar  excre¬ 
tion  if  the  experimental  animal  could  make  additional  amounts  of  sugar  over  and 
above  that  which  it  is  already  forming  from  endogenous  protein  and  fat,  including 
the  amount  which  is  being  utilized  during  the  experiment.  But  this  involves  the  un¬ 
warranted  assumption  that  the  capacity  of  the  liver  for  gluconeogenesis  from  fat 
has  not  been  reached  before  the  fat  is  administered.  The  fact  that  this  is  not  the 
case  for  protein  has  no  bearing,  for  it  happens  that  fat  is  the  only  stored  food  sub¬ 
stance  present  in  practically  unlimited  amounts,  so  far  as  the  daily  requirement  of 
the  body  is  concerned.  It  might  therefore  be  expected  that  fat  would  be  used  to 
capacity  when  the  liver  is  forming  sugar  at  an  uncontrolled  rate. 

From  the  practical  standpoint  the  experimental  procedure  to  test  the  extra 
sugar  excretion  involves  the  administration  of  fat  to  the  diabetic  animal  on  the 


fourth  or  fifth  day  after  pancreatectomy,  after  the  withdrawal  of  insulin,  or  after 
starting  phlorhizination.  At  this  time  the  animal  is  suffering  from  acute  diabetes 
with  ketosis,  and  the  administered  fat  makes  him  even  more  sick.  In  certain  ex¬ 
periments,  in  which  some  extra  excretion  of  sugar  after  fat  administration  was  re¬ 
ported  (25),  the  animals  died  shortly.  In  order  to  obtain  positive  results  by  this 

method,  it  is  apparently  necessary  to  exceed  physiological  limitations  to  a  degree 
incompatible  with  life. 

There  have  been  a  number  of  experiments  the  results  of  which  favor  gluconeo- 
genesjs  from  fat  even  though  the  investigators  did  not  take  into  account  the  factor 
of  utilization  In  these  experiments  neutral  fat  or  fatty  acids  were  administered  to 
intact  normal  or  diabetic  animals;  or  certain  hormones  (e.g,  epinephrin)  or  drugs 
(  .g,  phlorhizm)  were  given  to  such  animals  in  an  attempt  to  force  excessive  glu- 
coneogenesis  from  endogenous  fat  stores.  The  results  of  these  experiments  were 
J  dged  by  the  increases  in  carbohydrate  content  of  the  liver  and  muscles  of  the 
normal  animals  and  by  the  increased  sugar  excretion  of  the  diabetic  animals  As 

D  N  ratio^these^  °Ur  T"01*  discussions  of  the  dynamic  balance  and  the 

Si: ztxztz  t  positive  **  *  *  *  * 

place  greater  weight  on  A,.  .  5  d  the  clrcumstances,  it  is  justifiable  to 

al  preceding'work  o  i^rHnd  b"  “  f  ^  findi^  evidence 
g  worn  ot  a  similar  kind  have  been  comprehensively  reviewed  by 
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Macleod  (3)  and  Geelmuyden  (2)  and  will  not  be  discussed  here.  It  will  be  more 
profitable  to  confine  the  discussion  to  more  recent  and  less  controversial  evidence. 

The  theoretical  R.Q.  for  the  conversion  of  protein  to  carbohydrate  has  been 
variously  calculated  as  0.613  (Magnus-Levy  [34]),  0.632  (Lusk  [35]),  and  0.706 
(Geelmuyden  [36]).  The  R.Q.  for  gluconeogenesis  from  fat  has  been  calculated  to 
be  about  0.28  by  Pembrey  (37)  and  by  Macleod  (3).  The  theoretical  R.Q.  for  keto- 
genesis  from  fat  may  be  calculated  to  range  from  0.65  to  0.00,  depending  upon  the 
number  of  molecules  of  /3-hydroxybutyric  acid  which  are  supposed  to  arise  from 
one  molecule  of  fatty  acid.  The  work  of  Blixenkrone-M011er  (38)  strongly  indicates 
that  the  value  lies  closer  to  zero  than  to  the  higher  figure. 

Since  gluconeogenesis  and  ketogenesis  occur  primarily  in  the  liver,  it  would  be 
expected  that  R.Q.  determinations  performed  on  the  isolated  liver  under  the  ap¬ 
propriate  physiological  conditions  should  yield  very  low  values.  This  is  the  case. 
Gemmill  and  Holmes  (39)  found  that  the  R.Q.  of  liver  slices  from  a  rat  fed  on  a 
normal  diet  averaged  0.79,  while  that  from  a  rat  fed  butter  averaged  0.58.  Stadie 
and  co-workers  (40)  observed  R.Q.’s  of  about  0.32  in  liver  slices  from  the  depan- 
creatized  cat.  Similarly  in  the  perfused  livers  of  normal  and  depancreatized  cats, 
Blixenkrone-M011er  (38)  obtained  R.Q.  values  which  averaged  0.57  for  the  normal 
and  0.37  for  the  diabetic  animals.  From  other  data,  including  the  high  D  :N  ratios 
which  he  observed,  he  concluded  that  the  low  R.Q.  of  the  diabetic  liver  resulted 
from  ( a )  the  desaturation  of  fatty  acids,  ( b )  gluconeogenesis  from  protein  and  fatty 
acids,  and  (c)  the  formation  of  ketone  bodies.  It  is  evident  that  the  low  R.Q.  values 
exhibited  by  perfused  livers  and  isolated  hepatic  tissue  are  compatible  with  glu¬ 
coneogenesis  from  fat.  But  the  simultaneous  occurrence  of  gluconeogenesis  from 
protein,  and  particularly  of  variable  ketogenesis,  makes  it  difficult  to  use  the  R>Q- 
as  a  quantitative  index.  Evidence  based  upon  chemical  determination  of  newly 
formed  carbohydrate  or  carbohydrate  intermediates  is  more  convincing. 

We  have  already  mentioned  the  work  of  Gemmill  and  Holmes  (39),  in  which 
they  found  very  low  R.Q.  values  in  the  isolated  liver  slices  of  butter-fed  rats.  They 
also  observed  a  coincident  increase  in  the  carbohydrate  content  of  these  slices, 
which  was  greater  than  the  increase  observed  in  liver  slices  taken  from  rats  on  a 
normal  diet.  Haarmann  and  Schroeder  (41,  42)  added  the  sodium  salts  of  butyric 
acid  d-hydroxybutyric  acid,  and  a/3-dihydroxybutyric  acid,  respectively,  to  sur- 
viving  tissues  (muscle,  kidney,  spleen,  brain,  and  liver)  of  cats  and  dogs.  With 
each  substance  and  in  practically  all  tissues  they  observed  a  large  production  o 
lactic  acid.  The  simultaneous  decrease  in  the  carbohydrate  content  of  the  tissue, 
when  it  occurred,  was  significantly  less  than  the  increase  in  lactic  acid.  In  the  case 
of  the  liver,  when  oxygen  was  present  there  was  an  increase  in  the  carbohydrate 
content  as  well  as  in  the  amount  of  lactic  acid.  It  was  obvious  that  the  lacW £ d 
could  not  be  accounted  for  as  arising  from  carbohydrate.  The  authors  considered 
the  possibility  that  the  added  fatty  acids  might  have  stimulated  the  productio 
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lactic  acid  from  some  other  substance,  but  they  concluded  that  this  supposition 
could  not  be  justified.  They  pointed  out  that  in  the  brain  and  liver,  for  example, 
they  were  dealing  with  tissues  which  ordinarily  produce  little  or  no  lactic  acid  and 
which  contain  no  other  known  precursor  of  lactic  acid.  Their  work,  therefore, 
yields  convincing  evidence  for  the  formation  of  carbohydrate  from  fat  through  a 
lactic  acid  stage  (probably  via  pyruvate).  More  recently,  gluconeogenesis  from 
fat  in  isolated  mammalian  tissue  has  again  been  confirmed  by  Weil-Malherbe  (43), 
who  demonstrated  the  in  vitro  formation  of  sugar  from  added  acetoacetic  acid  by 
kidney  slices. 

Another  method  by  which  the  extrahepatic  utilization  of  sugar  has  been  ex¬ 
cluded,  and  one  which  is  a  step  nearer  the  intact  organism,  is  the  perfusion  of  the 
isolated  whole  liver.  This  method  is  not  easy,  and  it  is  sometimes  difficult  to  obtain 
satisfactory  preparations  (44).  Nevertheless,  a  number  of  competent  investigators 
have  carried  out  reasonably  successful  liver  perfusions,  as  judged  by  a  maintained 
rate  of  flow  of  perfusate  through  the  liver  with  little  or  no  edema,  the  continued 
excretion  of  bile,  and  the  storage  of  glycogen.  Burn  and  Marks  (45)  perfused  the 
glycogen-poor  livers  of  fat-fed  dogs  and  of  a  depancreatized  cat.  A  large  production 
of  acetone  bodies  and  of  sugar  was  observed.  The  pre-existing  carbohydrate  con¬ 
tent  of  the  fivers  accounted  for  but  a  small  fraction  of  the  sugar  which  appeared. 
The  disappearance  of  lactic  acid  was  ruled  out  as  a  factor.  As  regards  gluconeo¬ 
genesis  from  protein,  Burn  and  Marks  rightly  (in  view  of  our  previous  discussion 
of  the  D:N)  rejected  the  use  of  any  of  the  orthodox  values  for  the  D  :N  ratio.  In¬ 
stead,  they  calculated  that,  if  all  the  carbon  in  the  protein  molecule  were  recom¬ 
bined  so  as  to  form  dextrose,  the  ratio  of  dextrose  produced  to  nitrogen  set  free  in 
the  form  of  urea  and  ammonia  cannot  be  greater  than  8.3 : 1.  Values  for  the  D :  N 
ratio  above  this  figure  would  therefore  demonstrate  gluconeogenesis  from  fatty 
acid  Out  of  a  total  of  forty-seven  determinations  of  the  D  :N  ratio,  thirty-two  ex¬ 
ceeded  the  value  of  8.3,  and  in  seven  cases  the  ratio  rose  above  17  o 

Heller  devised  ingenious  methods  (46)  to  observe  the  sugar  output  of  the  liver 
tn  situ  in  normal  and  phlorhizinized  cats  anesthetized  with  Pernocton.  After  de¬ 
ducting  the  amounts  of  carbohydrate  which  might  have  come  from  glycogen  lac¬ 
tic  acid,  and  glycerol,  he  calculated  D:N  ratios  ranging  from  5.0  to  18  o  U7) 

ard  C°ndUSiVe  W°rk  UP°n  the  ^Wect  was  done  by  Blixerirone 
Miller  (48).  He  perfused  the  livers  of  normal  and  of  phlorhizinized  cats  with  sod’- 

tTned  ter  aCC0Unt‘ng  for  other  P^sible  sources  of  carbohydrate  he  ob- 

cinate  yielded  V'°  l°  ^  "  °V6r'  PerfUSi°n  With  Sodium  suc‘ 

the  added  butyric^acM  was  convertet2'  °t  “t!  that  ab°Ut  20  P«  «*■*  of 

went  to  sugar  via  succinic  acid  Cat  V  ***  °  bodies  and  that  the  remainder 

technic  worked  out  by  the  amteT  ^  ^  bl°°d  t0  a 

■nitted  glycogen  storage  frl‘ ^  7  ^  ^ 

8  ucose,  etc.,  thus  demonstrating  preservation  of 
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normal  liver  function.  Chemical  determinations  included:  glycogen,  fat,  and  ke¬ 
tone  content  of  the  liver  before  and  after  the  perfusion;  blood  sugar,  ketones,  lac¬ 
tic  acid,  urea,  oxygen,  and  C02  at  frequent  intervals.  Sodium  butyrate  was  added 
to  the  perfusing  blood  after  a  control  period.  Table  16  shows  a  typical  experiment 
performed  on  a  liver  from  a  normal  cat  (48) . 

It  can  be  seen  from  Table  16  that  the  carbohydrate,  newly  formed  in  a  liver  per¬ 
fused  with  sodium  butyrate,  could  not  have  arisen  from  protein  conversion  and 
must  have  been  derived  from  the  fatty  acid.  Unequivocal  confirmation  of  this  con¬ 
version  was  supplied  by  Hastings  and  co-workers  (49),  who  fed  butyric  acid  con¬ 
taining  “heavy”  C  atoms  to  normal  rats  and  found  the  labeled  C  in  the  liver  gly- 


TABLE  16 

Perfusion  of  Normal  Cat  Liver  with  Sodium  Butyrate  (Blixenkrone-M0ller  [48]) 
Liver  weight,  61  gm.;  blood  volume,  300  cc.;  sodium  butyrate  added,  500  mg. 


Chemical  Analysis 

Concentration  (Mg.  per  Cent) 

Amount 

Formed 

(Mg.) 

Initial 

Final 

Difference 

lvLltLAjLK.b 

Total  ketones  of  blood .... 
Total  ketones  of  liver . 

39-3 
33- 0 

93-5 

76.  O 

54-  2 
43- 0 

162. 6\ 
26.  2/ 

188.8  mg.  of  ketones  appeared 

Blood  sugar . 

222.  0 

304.O 

82.  0 

246.  o\ 

341.0  mg.  of  carbohydrate 

Liver  glycogen . 

80.  0 

235- 0 

155-° 

95- 0/ 

appeared 

Blood  urea . 

58.0 

70. 0 

12. 0 

36.0 

Corresponds  to  the  breakdown 
of  106.0  mg.  of  protein 

In  control  experiments  witn  Dutyraie,  75  mg.  01  - 

The  breakdown  of  protein  could  have  given  rise,  at  the  utmost,  to  100  mg.  of  sugar.  The  balance  reveals, 

therefore,  that  the  sodium  butyrate  gave  rise  to— 

(1) 188.8-75.0  =  113.8  mg.  of  ketones 

(2)  341  -  (100  -  54)  =295.0  mg.  of  sugar  _ 


cogen  of  these  animals.  These  findings  are  quite  in  accord  with  other  pertinent  evi¬ 
dence  discussed  elsewhere  in  this  volume.  We  have  seen  that  fatty  acids  are  broken 
down  to  the  ketone  bodies  by  way  of  acetic  acid  (chap.  x).  Acetoacetic  acid  may 
condense  with  oxalacetic  acid  to  enter  the  tricarboxylic  acid  cycle,  which  is  the 
common  reservoir  for  derivatives  of  all  three  major  foodstuffs  (56) .  And  each  mem¬ 
ber  of  the  cycle  has  been  shown  to  be  capable  of  resynthesis  to  g  ucose  (55  .  n 
addition,  acetic  acid  may,  under  certain  circumstances,  enter  directly  into  e 
tricarboxylic  acid  cycle  without  going  through  the  acetoacetic  acid  stage  (52)  (see 

Ch  Figure  38  graphically  summarizes  the  more  direct  evidence  for  gluconeogenesis 
from  fat  and  indicates  the  intermediate  chemical  steps  by  whic  it  may  occur, 
may  conclude  that  this  process  can  and  does  play  an  important  role  m  both  the 

normal  and  the  diabetic  mammalian  organism. 


Blixenkrone-Mjziller  (48),  Buchanan  clal.  (49) 


BUTYRIC  ACID 


CeH^Os 

FlG>  38  -Pathways  for  gluconeogenesis  from  fat 


Haarman  and  Schroeder  (41,  42) 
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CHAPTER  XIV 


UTILIZATION,  DISSIMILATION,  AND 
OXIDATION  OF  CARBOHYDRATE 


THE  use  of  the  term  “oxidation”  to  describe  the  complete  breakdown  of  a 
foodstuff  to  C02  and  H20  in  the  tissues  carries  with  it  certain  traditional 
physiologic  connotations  which  are  no  longer  acceptable  in  the  light  of 
present-day  biochemistry.  Chief  among  these  is  the  old  conception  that  the  origi¬ 
nal  foodstuff  can  liberate  its  energy  for  use  by  the  tissue  by  the  simple  addition  of 
oxygen  to  its  atoms.  But,  as  was  shown  in  chapters  ii,  iii,  and  iv,  the  oxidative 
breakdown  of  the  energy  materials  in  the  tissues  is  actually  a  far  more  compli¬ 
cated  matter,  involving  the  processes  of  oxidoreduction,  decarboxylation,  addi¬ 
tion  of  C02,  phosphorylation,  hydrolysis,  and  transamination. 

It  is  true  that  the  net  result  of  a  whole  series  of  reactions  may  be  written  as  if 
it  were  a  simple  oxidation,  as,  for  example: 

CeHtfOe  T  6O2  — ►  6CO2  T  6H2O 


Indeed,  it  was  our  limited  knowledge  of  the  intermediate  steps  in  this  equation 
which  originally  led  to  the  inaccurate  use  of  the  term  “oxidation.”  But,  now  that 
most  of  the  intermediate  steps  are  known,  the  continued  use  of  “oxidation”  for 
the  allover  process  is  a  source  of  great  confusion.  For  example,  when  the  biochem¬ 
ist  speaks  of  the  “oxidation  of  lactate,”  he  means  specifically  the  withdrawal  of 
hydrogen  from  lactate  with  the  formation  of  pyruvate.  The  physiologist  uses  the 
same  words  to  denote  the  breakdown  of  lactic  acid  to  C02  and  H20.  It  would  be 
far  better  for  all  branches  of  biological  science  to  use  the  term  “oxidation”  in  its 
strict  chemical  sense,  and  this  is  the  sense  in  which  it  is  used  in  this  volume.  For 
the  complete  breakdown  of  a  substrate  to  C02  and  H20  we  employ  the  term  com¬ 
plete  oxidation”  or  “dissimilation”  (1). 

There  is  a  practical  need  arising  out  of  the  conditions  of  experimental  work  for 
another  term,  namely,  “utilization.”  In  working  with  the  whole  living  organism  or 
even  with  isolated  tissue  in  vitro,  it  is  often  possible  to  follow  the  disappearance  of 
a  substrate  from  the  blood  or  nutritive  medium  or  from  the  tissues  themselves 
without  being  able  to  ascertain  the  extent  to  which  the  oxygen  consumed  and  the 
CO  evolved  in  the  interim  were  actually  concerned  with  the  substrate  that  disap¬ 
peared  Other  substrates  are  necessarily  always  present  under  these  conditions 
and  their  participation  in  the  reactions  under  observation  is  not  necessarily  ruled 
out  by  an  approximate  equivalence  between  the  respiratory  exchange  and  the  dis- 
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appearance  of  the  experimental  substrate.  Such  equivalence  may  be  coincidental; 
for  it  also  happens,  not  infrequently,  that  the  disappearance  of  a  substrate  bears 
no  discernible  relationship  to  the  respiratory  exchange  (2,  3).  Under  these  circum¬ 
stances,  when  it  is  impossible  to  determine  the  exact  chemical  fate  of  the  substrate 
which  is  disappearing,  it  is  best  to  employ  the  term  “utilization.”  As  used  in  this 
volume,  and  applied  to  carbohydrate,  for  example,  it  means  the  disappearance  of 
sugar  from  the  blood  or  nutritive  medium  or  tissue  without  storage  as  glycogen  or 
accumulation  as  hexose  or  lactic  acid. 

UTILIZATION  OF  CARBOHYDRATE  AS  DETERMINED  BY  THE  DISAPPEARANCE 
OF  THE  BLOOD  SUGAR  IN  LIVERLESS  ANIMALS 

The  rapid  disappearance  of  the  blood  sugar  after  removal  of  the  liver  from  the 
normal  animal  has  been  discussed  in  chapter  vii,  in  connection  with  the  site  of  for¬ 
mation  of  the  blood  sugar.  The  mere  withdrawal  of  sugar  from  the  blood  by  the 
extrahepatic  tissues  cannot,  of  course,  be  regarded  as  proof  of  its  utilization  by 
those  tissues.  However,  it  has  been  the  universal  experience  that  the  carbohydrate 
content  of  the  tissues  and  the  accumulation  of  lactic  acid  or  any  other  substance  in 
the  blood  do  not  account  for  the  sugar  that  disappears  from  the  blood  of  the  liv¬ 
erless  animal  (4,  5,  6).  The  rate  of  disappearance  of  blood  sugar  in  such  animals 
may  therefore  be  taken  as  at  least  a  rough  indication  of  the  utilization  of  sugar  by 
the  extrahepatic  tissues. 

In  view  of  this,  it  is  significant  that  the  blood  sugar  disappears  after  hepatec- 
tomy  or  abdominal  evisceration  in  animals  which  have  been  supposed  to  have 
ceased  utilizing  carbohydrate,  as  judged  by  the  D:N,  ketosis,  and  R.Q.  exhibited 
before  removal  of  the  liver.  Such  evidence  is  available  after  hepatectomy  of  depan- 
creatized  birds  (7),  dogs  (8),  and  rabbits  (9)  and  after  evisceration  of  phlorhizin- 
ized  dogs  (10),  of  depancreatized  and  pituitary-diabetic  dogs  (11),  and  of  normal 
dogs  fasted  to  the  point  of  so-called  “ hunger  diabetes’’  (12).  A  similar  incongruity 
between  the  conclusions  drawn  from  the  classic  metabolic  criteria  and  the  disap¬ 
pearance  of  the  blood  sugar  occurs  after  hypophysectomy  of  the  depancreatized 

dog  (13,  14)  and  during  prolonged  injections  of  epinephrin  in  the  normal  doe 
(i5,  16).  6 


UTILIZATION  OF  CARBOHYDRATE  AS  DETERMINED  BY  CHEMICAL-BALANCE 

STUDIES  IN  LIVERLESS  ANIMALS 

tioIwaf^TuV  k  fUtUre  chemicaI-balance  Judies  of  carbohydrate  utiUza- 

otal  ahH  'n,  t0ry  0f  H-  H-  Dale-  At  that  time,  practical  methods  for 

total  abdominal  evisceration  in  the  cat  were  not  available.  The  liver  was  left  in 

a  hi’Z  m  T1  SUPPly  ti6d  °ff-  However’  the  asphyxiated  organ  (with 

a  high  free-sugar  content)  could  still  contribute  sugar  to  the  blood  by  seepage  Into 

the  vena  cava.  In  their  later  experiments  Dale  andhis  co-worker! £ ^og! 
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nized  this  source  of  error  and  corrected  for  it  by  including  the  changes  in  sugar 
content  of  the  liver  in  their  chemical  balances. 

In  these  experiments  eviscerated  spinal  cats  were  given  constant  intravenous 
infusions  of  known  amounts  of  dextrose.  The  balance  was  constructed  from  the 
amounts  of  sugar  which  disappeared  from  the  blood  and  from  the  difference  in 
glycogen  and  free-sugar  content  between  certain  muscles  removed  at  the  beginning 
of  the  experiment  and  the  corresponding  muscles  of  the  opposite  leg  removed  at 
the  end  of  the  experiment.  In  an  experiment  which  these  workers  selected  as  being 
one  of  those  most  free  from  technical  criticism,  it  may  be  calculated  that  their  ani¬ 
mal  utilized  glucose  at  a  rate  of  392  mg.  per  kilogram  per  hour.  This  utilization 
occurred  while  they  were  maintaining  a  blood-sugar  level  of  about  240  mg.  per  cent. 

Subsequent  work  has  shown  that  the  rate  of  utilization  of  carbohydrate  varies 
with  the  blood-sugar  level  and  that  utilization  figures  have  little  significance  un¬ 
less  related  to  sugar  concentration.  Soskin  and  Levine  (5)  studied:  the  utilization 
of  carbohydrate  in  totally  abdominally  eviscerated  dogs,  by  striking  a  chemical 
balance  between  the  blood  sugar,  the  blood  lactic  acid,  and  the  muscle  glycogen  at 
the  beginning  of  the  experiment;  the  amount  of  sugar  administered  in  order  to 
maintain  the  blood  sugar  at  a  particular  level  during  the  experiment;  and  the 
blood  sugar,  blood  lactic  acid,  and  muscle  glycogen  at  the  end  of  the  experiment. 
In  later  work  (6)  the  total  carbohydrate  content  of  the  muscle  was  determined  in¬ 
stead  of  muscle  glycogen,  and  the  lactic  acid  content  of  the  muscle  was  taken  into 
account,  as  well  as  the  blood  lactic  acid.  The  results  were  substantially  the  same  by 
both  methods.  The  data  from  a  typical  experiment  and  the  details  of  the  calcula¬ 
tion  are  illustrated  by  the  following  example  (5) : 

Normal  dog:  Experiment  3— Weight,  9.0  kg.  Experimental  period,  4  hours. 
Average  blood  sugar  throughout  the  experiment,  80  mg.  per  cent.  Muscle  mass, 
calculated  as  50  per  cent  of  body  weight  (4),  equals  4,500  gm.  Blood  and  extracel¬ 
lular  fluid,  calculated  as  one-sixth  of  body  weight  (17),  equals  1,500  cc. 

Initial  average  glycogen . 

Final  average  glycogen . 

Difference . 

(140  X  4,5°°)  1 

Glycogen  decrease - - - equals  . 

Initial  blood  sugar . 

Final  blood  sugar . 

Difference . 

(16  X  1,500)  , 

Blood-sugar  decrease - — - equals 

Initial  lactic  acid . 

Final  lactic  acid . 


0.42  per  cent 
0.28 

o.  14  per  cent 

.  6,300  mg. 

96  mg.  per  cent 
80 

16  mg.  per  cent 
.  240  mg. 

39.2  mg.  per  cent 

88.2 

49 .  o  mg.  per  cent 


Difference 
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Lactic  acid  increase  ^  ■— — — — ~  equals . 715  m8- 

IOO 

Dextrose  injected  during  experiment  equals . 

Total  sugar  disposed  of . 

Minus  the  lactic  acid  increase . 

Sugar  utilized . 

Sugar  utilized  per  kilogram  of  original  body  weight  per  hour 
8,055  , 

—  equals . 

9X4 


2,250  mg. 


8,790  mg. 
735 


8,055  mg. 


224  mg. 


It  may  be  seen  that  a  utilization  of  224  mg.  per  kilogram  per  hour  occurred  in 
this  particular  experimental  animal  at  a  blood-sugar  level  approximating  the  nor¬ 
mal  range.  This  agrees  surprisingly  well  with  the  fact  that  Mann  (19)  found  it 
necessary  to  administer  about  £  gm.  of  dextrose  per  kilogram  per  hour  in  order  to 
maintain  his  hepatectomized  dogs  in  good  condition. 

Figure  39  summarizes  the  relationship  between  the  blood-sugar  level  and  sugar 
utilization  in  all  the  experiments  on  eviscerated  normal  dogs.  The  lower  plateau  of 
the  S-shaped  curve  indicates  that  the  peripheral  tissues  cannot  accommodate 
themselves  to  a  supply  of  blood  sugar  which  is  less  than  that  available  at  normal 
blood-sugar  levels.  Under  these  circumstances  the  minimal  rate  of  carbohydrate 
utilization  persists,  and  it  must  be  carried  on  at  the  expense  of  tissue  stores  if  it 
is  to  proceed  at  all.  The  upper  plateau  of  the  curve  indicates  that  there  is  a  maxi¬ 
mum  capacity  for  the  utilization  of  carbohydrate.  Between  these  two  plateaus 
carbohydrate  utilization  varies  directly  with  the  height  of  the  blood-sugar  level. 


THE  R.Q.  AS  A  MEASURE  OF  DISSIMILATION  (COMPLETE  OXIDATION) 

Although  physiologists  and  others  have  employed  the  term  “oxidation”  in  con¬ 
nection  with  the  R.Q.,  the  latter  was  actually  supposed  to  be  a  qualitative  and 
quantitative  index  of  dissimilation.  In  chapter  xi  the  basic  postulates  of  the  R.Q. 
were  allowed  to  pass  unchallenged  for  the  time  being.  In  the  customary  language 
associated  with  the  subject,  it  was  shown  that  the  R.Q.  of  the  whole  body  is  a  com¬ 
posite  of  many  different  R.Q.’s,  arising  in  the  various  organs  and  tissues.  It  was 
pointed  out  that  these  individual  R.Q.’s  were  derived  from  multiple  interconver- 
sions  as  well  as  from  purely  catabolic  oxidations,  and  it  was  concluded  that  the 
total  or  average  R.Q.  could  not  represent  merely  the  kind  and  amount  of  foodstuff 
being  oxidized^  This  suggests  that,  although  the  classical  physiological  interpre- 
tation  of  the  R.Q  of  the  whole  animal  cannot  be  upheld,  it  might  be  valid  if  ap- 
phed  to  individual  organs  or  tissues.  The  following  discussion  of  the  possible  sig¬ 
nificance  of  the  R.Q.  is,  therefore,  based  upon  the  evidence  obtained  under  the 

amphfied  conditions  made  possible  by  the  Warburg  technic  for  the  study  of  the 
respiration  of  isolated  tissues.  ^ 
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.  Under  the  simplest  conditions,  a  single  known  substrate  can  be  exposed  to  a 
single  isolated  enzyme  system.  If  the  reaction  which  follows  is  known  to  proceed  to 
CO2  and  H20  without  the  formation  of  stable  intermediate  substances,  the  amount 
of  substrate  which  has  been  oxidized  can  readily  be  computed  from  the  oxygen 
consumed  or  from  the  C02  produced.  If  a  stable  intermediate  substance  of  known 
chemical  composition  is  formed,  the  R.Q.  may  be  used  to  calculate  the  course  of 
the  reaction  (20).  However,  it  is  usually  also  necessary  to  determine  the  amount  of 
original  substrate  which  has  disappeared,  or  the  amount  of  intermediate  substance 


Dextrose 

Utilization 

(Mg/Kg/Hr) 


Blood-sugar  level  (mg.  per  cent) 

FiG.  39— The  relationship  between  the  blood-sugar  level  and  sugar  utilization  in  eviscerated  normal 
dogs.  (Soskin  and  Levine  [5].) 


which  has  appeared,  by  chemical  analysis.  When  a  single  substrate  is  acted  upon 
by  an  enzyme  system  and  an  unknown  stable  intermediate  substance  is  formed, 
the  difference  between  the  theoretical  R.Q.  for  the  complete  oxidation  of  the  sub¬ 
strate  and  the  actual  R.Q.  obtained  may  suggest  the  probable  identity  of  the  un¬ 
known  intermediate  (20). 

There  is  no  tissue  which  does  not  contain  a  number  of  substrates  and  more  than 
one  enzyme  system.  In  working  with  a  tissue  it  is  therefore  desirable  to  allow  it  to 
approach  the  minimum  level  of  autorespiration  (i.e.,  to  exhaust  its  own  substrates) 
before  the  substrate  under  investigation  is  added.  If  the  R.Q.  of  the  subsequent 
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reaction  agrees  with  the  chemical  determination  of  the  disappearance  of  the  added 
substrate  and  the  appearance  of  end-products,  it  may  then  be  concluded  that  the 
particular  enzyme  system  which  it  was  hoped  to  engage  has  operated  and  that  the 
supposed  course  of  the  oxidative  process  has  been  confirmed. 

It  is  thus  apparent  that,  even  when  one  can  control  the  other  activities  of  an 
isolated  tissue  and  is  dealing  with  a  single  substrate,  the  R.Q.  is  merely  confirma¬ 
tory  to  the  information  obtained  by  chemical  analysis.  When  used  alone,  the  R.Q. 
can,  at  most,  merely  suggest  the  probable  pathway  of  a  reaction,  which  must  then 
be  demonstrated  by  chemical  means.  To  illustrate  the  lack  of  preciseness  of  the  in¬ 
dications  derived  from  the  R.Q.,  let  us  suppose  that  the  substrate  is  hexose  and 
that  no  other  foodstuff  is  involved.  Let  us  simplify  matters  further  by  considering 
the  possible  pathways  open  to  just  one  of  its  important  intermediary  metabolites, 
namely,  pyruvic  acid. 

Table  17  summarizes  the  rather  formidable  list  of  possibilities,  with  the  experi¬ 
mental  and  theoretical  R.Q.  of  each.  The  various  observed  total  R.Q.’s  for  pyruvic 
acid  which  are  cited  have  been  obtained  in  different  tissues  and  under  different  cir¬ 
cumstances  and  depend  upon  the  particular  combination  of  the  individual  reac¬ 
tions  favored  by  the  experimental  conditions.  It  is  obvious  that  the  total  R.Q.  of 
a  single  tissue,  like  that  of  the  whole  body,  is  a  composite  of  many  possible  R.Q.’s. 
It  is  also  clear  that  to  gain  more  than  the  vaguest  indication  of  the  fate  of  the  sub¬ 
strate  from  the  R.Q.  alone  is  a  mathematical  impossibility.  Furthermore,  when  the 
chemical  determinations  have  been  made,  there  is  little  information  that  the  total 
R.Q.  can  add,  except  to  act  as  a  check  on  the  possibility  that  one  or  more  of  the 
end-products  might  have  been  missed. 

If  we  now  attempt  to  apply  the  foregoing  to  the  interpretation  of  the  R.Q.  in 
vivo,  there  is  one  further  complication  which  must  be  mentioned.  In  the  body  the 
three  main  foodstuffs  or  their  breakdown  products  are  constantly  available  and 
may  be  metabolizing  simultaneously.  It  has  been  shown  that  amino  acids  may 
yield  the  same  R.Q.  of  unity  as  is  given  by  carbohydrate  (21).  Acetoacetic  acid,  if 
completely  oxidized,  would  also  yield  an  R.Q.  of  1.0.  In  view  of  the  limited  signifi¬ 
cance  of  the  R.Q.  of  a  single  tissue  acting  on  a  single  substrate,  what  possible  mean¬ 
ing  can  be  assigned  to  the  composite  R.Q.  derived  from  many  tissues  acting  on  a 
variety  of  substrates?  6 


In  this  pred.cament  the  proponents  of  the  R.Q.  have  sometimes  resorted  to  the 
argument  hat  when  the  R.Q.  of  the  whole  body  is  determined  over  a  sufficiently 
long  period  of  time,  it  must  represent  the  resultant  of  all  the  R.Q.’s  in  all  the  tissues 
and  must  therefore  ultimately  depend  upon  the  chemical  composition  of  the  ori/ 
inal  substrates  being  oxidized.  This  ignores:  (a)  the  fact  that  what  constitutes  a 
sufficiently  long  period  of  time,  under  various  conditions,  is  difficult  to  deTerm  ne 

LrmTn^;rPtT“^^  ^  *  R.Q. 

P  1  : ’  3: ’  4jj  ’  W  the  possibility  of  partial  decarboxylation 
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of  some  of  the  intermediary  metabolites  of  the  original  substrate  without  further 
oxidation  of  the  residues,  so  that  the  integral  of  the  R.Q.’s  could  never  equal  the 
theoretical  R.Q.  of  the  original  substrate;  (c)  the  possibility  that  some  oxygen  is 
used  in  the  formation  of  storage  or  excretion  products  without  the  formation  of 
equivalent  amounts  of  C02,  with  the  same  result  as  in  ( b ) ;  and  (d)  the  recently  dis¬ 
covered  mechanism  whereby  C02,  hitherto  considered  to  be  immediately  and 

TABLE  17 


Experimental  and  Theoretical  R.Q.’s  for  the  Reactions  of 
Pyruvic  Acid  (Soskin  [49]) 


Reaction  Products 

Moles 

PER  MOL. 

of  Pyruvate 

Theoretical 

References 

O, 

Con¬ 

sumed 

CO, 

Pro¬ 

duced 

R.Q. 

CH3 .  CHNH, .  COOH . 

(Alanine) 

O 

O 

0 

II 

O  l  O 

Braunstein  and  Kritzman  (37) 

qh,2o6 . 

(Hexose) 

-0-5 

0.  O 

O 

-  =0 

-o-5 

Benoy  and  Elliott  (38) 

C02+H20 . 

2-  5 

3° 

-i-  —1.2 

2-  5 

Long  (20) 

FOOT-T  .  FT-T  FLT  .  FOOIT 

75 

T  O 

I.  0 

-  SSI,  « 

Elliott  and  Greig  (39),  Weil-Mal- 

CA/VylT  •  \_-Il2dl2  •  v/WL/ll . 

(Succinic  acid) 

75 

herbe  (40), Krebs  and  Johnson (41) 

CH3  •  C0CH2  •  COOH . 

(Acetoacetic  acid) 

5 

1. 0 

1 

o-5 

Krebs  and  Johnson  (41,  42) 

ch3.cooh+co2 . 

(Acetic  acid) 

0-5 

1. 0 

1 

0.  5  ~ 

Long  (20) 

CPI,  •  COOH  +  CH3  •  CHOH  •  COOH 
+C02  .  • 

(Acetic  acid)  (Lactic  acid) 

0 

o-5 

0.  5 

- 2  ==  cc 

O 

Krebs  and  Johnson  (41) 

OBSERVED  R.Q.’s  OF  PYRUVATE  IN  VARIOUS  TISSUES 


Tissue 

Observed  R.Q. 

References 

O.82-I .11 

Bach  and  Holmes  (43) 

I .07-1.24 

Elliott  and  benroeder  U47 

Elliott,  Greig,  and  Benoy  (45) 

I.  17-1.41 

I.  18-I. 28 

Elliott,  Greig,  and  tsenoy  145; 
Long  (20) 

I.  28 

I. 19-I. 76 

Elliott,  ureig,  ana  oenuy 
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quantitatively  excreted,  may  be  held  back  (temporarily,  at  least)  and  its  carbon 
used  for  the  synthesis  of  metabolic  intermediates  (25,  26,  27)-  For  example. 

CH3  •  CO  •  COOH  +  CO2  ->  COOH  •  CH2  -  CO  •  COOH 
Pyruvic  acid  Oxalacetic  acid 

It  is  possible  that  under  special  experimental  conditions,  such  as  prolonged  fast¬ 
ing  or  exclusive  high  carbohydrate  feeding,  the  R.Q.  does  depend  largely  upon  the 
chemical  composition  of  the  original  food  material  which  is  being  dissimilated. 
But  even  if  this  possibility  be  granted,  it  is  perfectly  clear  that  the  composite  R.Q. 
cannot  be  used  to  judge  the  intermediate  steps  undergone  by  the  foodstuff  on  its 
way  to  complete  degradation  to  C02  and  H20.  In  other  words,  even  if  we  suppose 
that  the  R.Q.  of  0.7  means  that  the  animal  is  living  at  the  ultimate  expense  of  fat, 
there  is  no  reason  for  the  further  supposition  that  the  fat  is  being  directly  and  com¬ 
pletely  oxidized  in  the  extrahepatic  tissues  (see  chap.  xi).  Thus,  the  R.Q.  has  no 
weight  against  the  previously  cited  direct  chemical  evidence  that,  in  its  utilization, 
fat  is  converted  to  hexose  and  ketones  by  the  liver  and  that  these  intermediates 
are  dissimilated  by  the  extrahepatic  tissues. 


ATTEMPTS  TO  VERITY  R.Q.  BY  SIMULTANEOUS  DETERMINATION  OF  CARBOHYDRATE 
UTILIZATION  IN  INTACT  ANIMALS  AND  IN  ISOLATED  TISSUES 

Despite  the  inherent  limitations  of  the  R.Q.,  a  number  of  investigators  have 
sought  direct  evidence  of  its  validity  as  a  quantitative  index  of  the  type  of  food¬ 
stuff  that  is  being  dissimilated.  These  attempts  have  usually  consisted  of  a  quan¬ 
titative  comparison  of  carbohydrate  dissimilation  as  calculated  from  the  R.Q., 
with  carbohydrate  utilization  as  determined  by  chemical-balance  studies  (2,2  4 

In  view  of  the  distinction  that  we  have  drawn  between  dissimilation  and  utiliza¬ 
tion,  it  is  evident  that  they  need  not  tally  even  if  the  R.Q.  were  a  reliable  index  of 
complete  oxidation;  for  it  would  be  quite  possible  for  more  carbohydrate  to  be  uti- 
lze  than  was  dissimilated  if  some  of  the  carbohydrate  were  simultaneously  being 
converted  into  fat  or  another  stable  form.  There  is  stiff  another  difficulty  when 

:-iftraXTSr  atte,mpt1ed  in  intact  an™als.  It  has  been  pointed  out  (chap. 
A.  A  the  bIood-sugar  level  represents  a  dynamic  balance  between  the  rate  at 

Tr,‘S  eDtenng  the  bl°°d  Stream  £rom  the  livCT  “d  from  any  exogenous 

he  bX '  ThusTrk1' rem0Ved  from  the  blo°d  by  the  tissues  of 

ate  otuelr  unnW  f  “?’d*ugar  reSult  either  from  “  increased 

1  r  S“far  SUpply  °r{  f™m  a  decreased  rate  of  sugar  utilization,  or  from  both  to- 

or  increased  utmzatL,  0^0^^'^  b<i duet0  decreased  supply 

sible  from  the  mere  rhana  •  1 1  possible  to  tel1  which  factor  is  respon- 

irom  the  mere  change  in  blood-sugar  level  unless  one  is  controlled  oreliminated 
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while  the  other  is  observed.  It  is,  therefore,  futile  to  attempt  to  determine  the 
amount  of  carbohydrate  which  has  been  utilized  by  an  intact  animal  by  estimating 
the  difference  between  its  total  carbohydrate  content  at  the  beginning  of  an  ex¬ 
perimental  period  (plus  any  sugar  which  may  have  been  administered)  and  its 
total  carbohydrate  content  at  the  end  of  the  period;  for  in  this  procedure  the 
amount  of  carbohydrate  being  supplied  by  the  liver  is  unknown,  and  any  effect  of 
sugar  administration  on  this  supply  cannot  be  estimated.  The  experimental  condi¬ 
tions  are  simpler  in  liverless  animals  or  in  isolated  tissues,  where  the  available  car¬ 
bohydrate  can  be  estimated  or  controlled  by  the  investigator. 

Table  18  summarizes  the  data  of  all  papers  available  to  the  authors  from  which 
a  comparison  of  utilization,  as  determined  by  chemical  balance,' and  of  supposed 
dissimilation,  as  judged  from  the  R.Q.,  may  be  attempted.  A  study  of  the  table 
obviates  the  necessity  for  much  discussion.  It  is  clear  that  in  eviscerated  animals 
and  in  isolated  tissues,  as  well  as  in  intact  animals,  there  is  no  correlation  between 
the  results  of  chemical-balance  studies  and  R.Q.  calculations.  In  view  of  the  fre¬ 
quency  and  extent  of  the  discrepancies,  the  few  instances  in  which  the  results  hap¬ 
pen  to  coincide  may  be  regarded  as  purely  fortuitous.  A  somewhat  better  correla¬ 
tion  is  obtained  in  isolated  brain  tissue  than  in  isolated  muscle  of  the  whole  living 
animal.  This  may  be  ascribed  to  the  fact  that  the  highly  specialized  nervous  tissue 
does  not  possess  the  ability  of  other  tissues  for  storage  and  interconversions  of 
foodstuffs  and,  so  far  as  we  know,  derives  its  energy  solely  from  carbohydrate  (31, 
32,  33,  34)  (see  chap,  i,  p.  16).  However,  even  under  these  circumstances,  the  cor¬ 
relation  between  chemical  balance  and  the  R.Q.  is  by  no  means  good.  This  is  so 
even  in  experiments  in  which  the  present  authors  have  improved  on  the  usual  tech¬ 
nic  of  chemical  balance  by  a  rapid  freezing  of  the  control  samples  (Table  18,  no.  9). 

As  was  discussed  earlier  in  this  chapter,  the  blood-sugar  level  has  an  important 
influence  on  the  utilization  of  carbohydrate  by  the  living  organism.  Gemmill  (3) 
showed  a  similar  influence  of  the  concentration  of  sugar  in  the  medium  on  the  car¬ 
bohydrate  utilization  of  isolated  muscle  in  vitro.  The  various  data  in  Table  18 
lack  a  certain  amount  of  comparability  because  the  other  investigators  failed  to 
take  this  factor  into  account.  Figures  40  and  41  graphically  summarize  the  wor 
of  Gemmill  (3)  and  hitherto  unpublished  data  of  the  present  authors  for  the  evis¬ 
cerated  dog,  isolated  muscle,  and  isolated  brain  tissue,  respectively,  m  which  car¬ 
bohydrate  utilization  and  R.Q.  calculations  are  considered  in  relation  to  glucose 
concentration.  It  is  apparent  that,  except  for  isolated  brain  tissue,  there  is  no  con¬ 
centration  of  glucose  at  which  carbohydrate  utilization  and  R.Q.  calculations  co- 

inCOne  must  conclude  that  chemical-balance  experiments  offer  neither  theoretical 
nor  actual  support  for  the  R.Q.  as  a  measure  of  dissimilation.  Since  no  other  val Ra¬ 
tion  of  the  R.Q.  is  available  at  the  present  time,  one  must  go  further  and  say 
there  is  no  evidence  that  the  R.Q.  is  a  measure  of  dissimilation.  This  leaves 
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TABLE  18 


LACK  of  CORRESPONDENCE  between  utilization  AND  “OXIDATION” 


I 


No. 


Experimental  Conditions 


Intact  mice: 

a)  Glucose  injection 

b)  Glucose  -1-insulin. 


2  .  Intact  rats: 

a)  Fasting -finsulin. .  ; . 

b)  Fasting  -f-epinephrin . 

3  .  Intact  rats: 

a)  Glucose  by  mouth . 

b)  Glucose+insulin.  . . 

<  c)  Glucose  -j-epinephrin . 

4  .  Eviscerated  cats: 

a)  Glucose+insulin . 

b)  Glucose+epinephrin . 

5  .  Eviscerated  dogs  ( glucose  injected 

intravenously  to  maintain  in¬ 
dicated  blood-sugar  levels ): 

a)  100  mg.  per  cent . 

b)  200  mg.  per  cent . 

c)  350  mg.  per  cent . 

d)  450  mg.  per  cent . 

e)  700  mg.  per  cent . 

6  .  Rat  diaphragm  ( in  vitro): 

a)  No  substrate . 

b)  Glucose  (200  mg.  per  cent) . . 

c)  Glucose  (200  mg.  per  cent)  + 

insulin . 

d)  Glucose  (500  mg.  per  cent) . . 

e)  Glucose  (500  mg.  per  cent)  + 

insulin . 


7  .  Pigeon  skeletal  muscle  (in  vitro ) : 

No  substrate . 

Cat  skeletal  muscle  (in  vitro) : 

No  substrate . 

8  .  Rat-brain  homogenate  (in  vitro) : 

a)  No  substrate . 

b)  Glucose . 

c)  Glucose+insulin . 

9  .  Rat-brain  homogenate  (in  vitro) : 

a)  No  substrate . 

b)  No  substrate  (cf.  under  “Re¬ 
marks”) . 

c)  Glucose . 


Percentage 

of  Utilized 

Carbo¬ 

hydrate 

R.Q. 

Carbo¬ 

hydrate 

“Oxi- 

Carbo¬ 

hydrate 

Account- 

Remarks 

Refer¬ 

ences 

Utilized* 

dized”t 

ed  for  by 
“Oxida- 

tion”t 

mg/ioogm 

67 

Hi 

0.70 

mg/ 100  gm 

O 

These  figures  are  averages 

(28, 29) 

128 

90 

for  38  and  48  animals, 

respectively 

42 

0-74 

56 

133 

(29) 

12 

0.71 

O 

O 

238 

0.83 

220 

91 

(29) 

376 

0.94 

434 

Il6 

264 

0.83 

263 

IOO 

gm. 

2.795 

I  .OO 

gm. 

2  •  S95 

93 

“Spinal”  animals 

(4, 18) 

4.240 

I  OO 

2.090 

50 

mg/kg 

mg/kg 

225 

0.72 

13  4 

6 

The  oxygen  consumption 

(5.  48) 

315 

0.80 

94 .0 

30 

+  COj  production  were 

45° 

0.89 

185.0 

41 

recorded  continuously 

520 

0  99 

286.0 

55 

over  a  4-hr.  period 

520 

I  OO 

295.0 

57 

mg/100  mg 

mg/100  mg 

These  data  are  presented 

0.09 

0  73 

0.03 

33 

(3) 

O.  19 

0.86 

0.20 

IOO 

graphically  in  Fig.  41 
(P-  159) 

0.34 

0  91 

0.25 

73 

0.67 

0.86 

0.22 

30 

0  81 

0.88 

0.22 

27 

micro- 

micro- 

mol/gm 

mol/gm 

Calculated  averages  from 

II .  2 

0.97 

29.7 

265 

(2) 

l  able  V Ill  of  the  paper 

-43 

I  .OO 

9  7 

Not  calcu- 

by  Stadie  and  Zapp 

lable 

mg/gm 

mg/gm 

0.58 

0.87 

i-34 

231 

Calculated  from  the  data 

(46) 

3  59 

0.91 

2.80 

78 

in  Table  II  of  the  paper 

3  73 

0-93 

3  29 

88 

by  Elliott  et  al. 

0.81 

360 

0  95 

2.78 

343 

Better  correspondence  be¬ 
tween  “oxidation”  and 

(47) 

I  OO 

3  73 

104 

utilization  was  ob- 

6.27 

I  .02 

5  58 

89 

tained  when  the  con¬ 
trol  samples  were  fro¬ 
zen  (dry  ice)  as  soon 
as  the  brain  was  re¬ 
moved  from  the  animal. 
Experiments  (b)  and 
(c)  were  done  in  this 

manner 

*  lltiiized  change  in  total  carbohydrate  during  experimental  period. 

t  “Oxidized”  =  amount  of  carbohydrate  dissimilated,  as  calculated  from  the 


oxygen  consumption  and  the  R.Q. 
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the  unfortunate  but  undeniable  position  of  being  ignorant  as  to  the  actual  signifi¬ 
cance  of  the  R.Q.  and  of  not  having  any  true  measure  of  dissimilation.  It  must  also 
be  concluded  that,  despite  its  limitations,  the  use  of  the  chemical-balance  method 
to  determine  the  utilization  of  a  foodstuff  in  the  liverless  animal  or  in  an  isolated 
tissue  is  a  far  more  reliable  and  useful  procedure  than  the  attempted  calculation  of 
so-called  “oxidation”  (dissimilation)  from  the  R.Q. 


Dextrose 

Utilization 


or 

“Oxidation” 

(Mg/Kg/Hr) 


and  Soskin  [48].) 


SPECIFIC  DYNAMIC  ACTION  OF  CARBOHYDRATE 

Despite  its  fall  from  grace,  the  R.Q.  may  yet  prove  to  be  a  useful  calculation 
for  a  limited  purpose,  although  the  measurement  of  oxygen  consumption  may 
serve  this  purpose  just  as  well.  The  rationale  for  the  suggested  use  is  as  follows. 

When,  under  basal  conditions,  any  of  the  three  major  foodstuffs  are  fed  or  are 
administered  parenterally,  the  oxygen  consumption  rises  above  the  basal  leve 


Dextrose 

Utilization 

or  RAT  DIAPHRAGM  RAT  BRAIN 

'Oxidation”  Gemmill  (3)  Persky  el  al.  (47) 

(Mg/Gm) 


CM 


o 


t - r 

© 

CO 


T 

© 

© 


7—1 - r 

o 

CM 


& 


o 


Glucose  concentration  in  medium  (mg.  per  cent) 

Fig.  41.— Comparison  of  utilization  and  R.Q.  calculations  in  vitro.  •  =  utilization;  X  =  “oxidation,”  as  calculated  from  the 
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continues  high  for  some  time  after  intestinal  absorption  is  complete  or  the  injec¬ 
tion  has  ceased.  The  total  increment  in  the  oxygen  consumed  (and  the  correspond¬ 
ing  extra  energy  expenditure)  is  known  as  the  “specific  dynamic  action”  (S.D.A.) 
of  the  foodstuff  given.  The  magnitude  of  the  S.D.A.  differs  for  the  different  food¬ 
stuffs.  For  carbohydrate  it  approximates  io  per  cent  of  the  caloric  value  of  the 
amount  of  sugar  administered. 


Total 
Glycogen 
(Gm/Kg 
of  Body 
Weight) 


Fig.  41a. 


Respiratory  quotient 

-Relationship  between  muscle  glycogen,  liver  glycogen,  and  R.Q.  (Bridge  [36].) 


Various  explanations  of  the  S.D.A.  have  been  advanced  (22).  The  mechanism 
is  IdoubteTy  different  for  each  of  the  foodstuffs.  The  work  of  Wierzuchowsk, 

(35)  is  the  most  illuminating  as  regards  ^5^  hTLJS  0^ 

venously  into  dogs  at  rates  ranging  rom^  ^  add  levels  of  biood 

the  S.D.AdWith  —  £ 

fhf"ofg^  °f  injCCted  ^  ^ 
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amount  excreted  in  the  urine).  The  glucose  equivalent  of  the  oxygen  consumed 
was  not  clearly  related  to  the  S.D.A.;  neither  was  the  fat  formation,  as  judged  by 
the  slight  rise  of  the  R.Q.  above  unity  and  other  criteria.  He  therefore  concluded 
that  the  S.D.A.  was  related  to  the  amount  of  glucose  stored,  which  for  practical 

purposes  means  the  amount  of  glycogen  formed. 

Simultaneously  with  the  increased  oxygen  consumption  following  carbohydrate 
intake  there  is  an  even  greater  rise  in  C02  production,  so  that  the  R.Q.  is  elevated 
(chap.  xi).  Bridge  (36)  has  pointed  out  a  relationship  between  the  rise  in  R.Q.  and 
glycogen  deposition  similar  to  that  found  by  Wierzuchowski  for  the  S.D.A.  Figure 
41a,  taken  from  Bridge,  shows  the  correlation  between  the  R.Q.  and  the  glycogen 
contents  of  liver  and  muscle  in  a  series  of  rabbits  at  various  intervals  after  carbo¬ 
hydrate  administration.  It  will  be  noted  that  the  curve  relating  the  R.Q.  to  liver 
glycogen  is  remarkably  smooth. 

The  work  of  Wierzuchowski  and  of  Bridge  suggests  that  the  S.D.A.  or  the  R.Q., 
or  both,  could  be  used  as  an  index  of  glycogen  formation  in  the  intact  animal  or 
in  man  when  the  sampling  of  tissues  is  impossible  or  undesirable.  There  is  a  good 
theoretical  basis  for  this  application,  quantitatively  as  well  as  qualitatively.  We 
have  seen  in  chapter  iv  (see  Fig.  20)  that  the  synthesis  of  glycogen  requires  energy 
which  is  derived  from  oxidative  steps  in  the  breakdown  of  glucose.  From  in  vitro 
experiments  it  can  be  calculated  that  the  oxidation  of  1  mol.  of  glucose  provides 
the  energy  for  the  phosphorylative  synthesis  of  6-12  mol.  of  glycogen.  From  this 
one  might  predict  that  the  S.D.A.  of  glucose  would  lie  between  8  and  P7  per  cent 
of  the  amount  of  glucose  retained.  The  observed  S.D.A.  of  10  per  cent  is  well  with¬ 
in  this  theoretical  range.  It  remains  for  future  work  to  compare  the  S.D.A.  and  the 
R.Q.  with  chemical  determinations  of  glycogen  deposition  under  conditions  which 
would  be  feasible  for  clinical  use. 
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PART  IV 

THE  ROvE  OF  THE  ENDOCRINE  GLANDS  IN 
CARBOHYDRATE  METABOLISM 


CHAPTER  XV 
PANCREAS  (INSULIN) 


WITHIN  recent  years  it  has  become  increasingly  evident  that  the  internal 
secretions  of  the  endocrine  glands  are  important  regulators  of  metabolic 
processes.  There  is  not  a  single  hormone  which  has  not  been  shown  to 
exert  some  influence  on  carbohydrate  metabolism,  although  there  is,  as  yet,  no 
definite  knowledge  as  to  the  precise  mode  and  locus  of  action  of  the  hormones  in 
the  intermediary  steps  of  metabolism.  However,  certain  general  conclusions  con¬ 
cerning  the  nature  of  the  activities  of  the  hormones  are  possible — conclusions  that 
are  based  on  their  chemical  nature  and  on  the  order  of  magnitude  of  their  effective 
concentrations. 

Insulin  is  a  protein,  as  are  also  the  hormones  of  the  anterior  hypophysis  and  of 
the  thyroid  gland.  The  internal  secretion  of  the  posterior  pituitary  is  polypeptide 
in  nature,  while  the  hormone  of  the  adrenal  medulla  may  be  regarded  as  a  protein 
derivative.  The  remaining  known  hormones,  namely,  those  of  the  adrenal  cortex 
and  gonads,  are  steroids. 

The  order  of  magnitude  of  the  effective  concentrations  of  the  hormones  is  such 
that  it  is  difficult  to  conceive  of  them  as  reacting  directly  with  metabolic  sub¬ 
strates.  For  example,  in  the  experience  of  the  authors,  unit  of  insulin  per  kilo¬ 
gram  of  body  weight  will  produce  a  significant  lowering  of  the  blood-sugar  level  in 
a  normal  animal.  This  amount  can  be  calculated  to  be  equivalent  to  0.37  of  pure 
crystalline  insulin  per  100  cc.  of  body  water.  It  seems  likely,  therefore,  that  insulin 
and  the  other  protein  hormones  are  either  enzymes  or,  more  probably,  modulators 
of  enzyme  activity,  1  he  non-protein  hormones  may  be  coenzymes  or  prosthetic 
groups  of  protein  enzymes.  In  any  event,  the  relative  amounts  of  the  hormones 
present  in  the  tissues  are  so  small  that  their  great  influence  can  best  be  explained 

by  assuming  that  they  exert  a  catalytic  effect  on  the  enzymatic  machinery  of 
metabolism. 


Since  insulin  is  a  protein,  its  chemical  structure  is  unknown.  As  regards  its  com¬ 
position,  it  probably  contains  zinc  as  an  integral  part  of  the  molecule  (i  2  x)  ■  and 
it  is  characterized  by  a  high  sulphur  content,  all  of  the  sulphur  being  present  in  the 
orm  of  S-S  linkages  (4,  5).  Reduction  of  the  disulphide  to  the  sulphydryl  form 
leads  to  a  loss  of  physiological  activity  (6).  The  molecular  weight  of  insulin  is 

SmXrH7C°  7  US  ,1S°eleCt/iC  P°int  U  ab0ut  S'3  W-  Thc  International 
...  Ual  0  lnsu  ln  ls  ^at  amount  which  lowers  the  blood  sugar  of  a 
normal  rabbit,  which  weighs  2  kg.  and  which  has  been  fasted  for  24  hour"  to  a 
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level  of  45  mg.  per  cent  within  5  hours.  One  milligram  of  pure  crystalline  insulin 
contains  22  such  units. 

From  a  historical  standpoint  and  because  of  its  importance  as  a  research  tool 
and  as  a  therapeutic  agent,  insulin  may  be  regarded  as  the  dominant  instrument 
in  the  symphony  of  endocrine  action  that  results  in  normal  carbohydrate  metab¬ 
olism.  It  should  be  remembered  that  any  particular  hormone  is  merely  one  of  the 
components  of  the  endocrine  balance  and  that  its  actions  depend  upon  the  pres¬ 
ence  and  simultaneous  influences  of  the  other  hormones.  In  this  sense  it  is  difficult 
to  deal  with  one  hormone  at  a  time.  But,  since  it  is  even  more  difficult  to  describe 
the  complicated  actions  and  interactions  of  all  the  endocrine  glands  in  a  parallel 
fashion,  it  does  serve  a  useful  purpose  to  discuss  the  subject  as  if  insulin  were  carry¬ 
ing  the  leitmotiv  of  the  symphonic  work  while  the  other  endocrine  instruments 
amplified  or  modified  the  theme. 


THE  REGULATION  OF  INSULIN  SECRETION 


In  the  post-absorptive  state  and  in  the  absence  of  physical  emergencies  or  emo¬ 
tional  crises  the  pancreas  probably  secretes  small  amounts  of  insulin  into  the  blood 
continuously.  This  constant  secretion  is  a  prerequisite  for  the  efficient  functioning 
of  the  hepatic-regulating  mechanism,  which  is  the  most  important  factor  in  the 
maintenance  of  the  normal  blood-sugar  level  (9,  10)  (cf.  p.  248).  Hedon  (11)  has 
shown  that  a  deficiency  of  insulin  and  a  consequent  rise  in  the  blood-sugar  level 
begins  immediately  after  removal  of  the  pancreas.  Soskin  and  his  co-workers  (12) 
found  that  it  required  a  constant  injection  of  insulin  to  maintain  a  constant  nor¬ 
mal  blood-sugar  level  in  depancreatized  dogs.  The  latter  investigators  further 
showed  that  no  extra  secretion  of  insulin  was  necessary  for  an  adequate  disposition 


of  a  sudden  influx  of  carbohydrate  (cf.  chap,  xxi,  p.  249).  However,  this  does  not 
contradict  the  considerable  body  of  evidence  which  indicates  that  extra  insulin  is 
ordinarily  secreted  as  a  result  of  hyperglycemia  following  carbohydrate  intake  (13, 
14)  or  as  a  consequence  of  central  nervous  system  activity  transmitted  through  the 

right  vagus  nerve  (15,  16,  17).  .  .  ,  , 

It  has  been  shown  that  under  special  experimental  conditions  hyperglycemia 

may  stimulate  the  pancreas  both  directly  and  by  way  of  the  nervous  system  (18, 
19).  In  the  normal  intact  animal  these  mechanisms  for  counteracting  hypergly¬ 
cemia  contend  with  other  mechanisms  that  tend  to  raise  the  blood-sugar  level.  For 
example,  asphyxia  and  certain  drugs,  like  metrazol,  ordinarily  result  in  hyper¬ 
glycemia.  In  animals  in  which  the  adrenal  medullae  have  been  destroyed,  these 
same  agents  cause  hypoglycemia  (20,  21).  But  when  the  right  vagus  nerve  is 
cut  in  an  adrenal-medullectomized  animal,  the  hyperglycemic  agents  produce  no 
effect  on  the  blood-sugar  level  (2o, «).  It  is  evident  that  vagal  — » °f “ * 
insulin  secretion  acts  as  a  restraining  counterregulation  in  limiting  the  hype  g  y 
cerniT effects  of  the  adrenal  medulla  and  the  sympathetic  nervous  system.  The 
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adrenal  medulla  and  the  sympathetic  nervous  system,  on  the  other  hand,  may  be 
regarded  as  emergency  safeguards  against  hypoglycemia  that  is  too  rapid  or  too 
severe  to  be  adequately  handled  by  other  mechanisms. 

It  is  beyond  the  scope  of  this  volume  to  discuss  these  emergency  mechanisms  in 
detail.  It  may  be  pointed  out,  however,  that  their  peculiar  status  is  revealed  by  the 
fact  that  adequate  regulation  of  the  blood-sugar  level  (except  for  an  increased  sen¬ 
sitivity  to  insulin)  ordinarily  persists  even  after  all  possible  influence  of  the  nervous 
system  has  been  eliminated.  This  has  been  shown  after  denervation  of  the  liver 
(22),  denervation  or  grafting  of  the  pancreas  (23,  24,  25,  26,  27,  28,  29,  30),  de¬ 
nervation  or  destruction  of  the  adrenal  medulla  (31,  32,  33),  bilateral  vagotomy 
(34)  35))  and  total  sympathectomy  (32,  36). 


THE  KNOWN  PHYSIOLOGICAL  EFFECTS  OF  INSULIN 


i.  Hypoglycemia. — Since  highly  purified  insulin  has  been  available  for  experi¬ 
mental  and  clinical  use,  it  has  been  administered  to  animals  and  humans  under  the 
most  diverse  conditions.  Except  for  differences  in  the  magnitude  of  the  effect  ob¬ 
tained  with  a  given  amount  of  insulin  (so-called  “sensitivity”),  a  hypoglycemic 
effect  is  invariably  obtained,  regardless  of  the  state  of  the  animal.  This  is  true  for 
animals  at  any  age,  in  whatever  state  of  nutrition,  and  lacking  the  various  endo¬ 
crine  glands  or  visceral  organs  (37,  38,  39,  40).  It  is  clear,  therefore,  that  the  hypo¬ 
glycemic  effect  of  insulin  is  a  general  one,  which  is  not  mediated  by  any  particular 

organ  or  tissue.  Figure  42  shows  the  typical  curves  of  action  of  regular  and  of 
protamine  insulin. 


Numerous  attempts  have  been  made  to  determine  whether  the  action  of  insulin 
might  be  on  the  blood  itself.  It  has  been  impossible  to  demonstrate  any  change  in 
blood  in  vitro  by  the  addition  of  insulin  (41,  42).  At  one  time  it  was  claimed  that 
insulin  changed  the  blood  glucose  to  a  more  reactive  form  (43,  44)  (Vglucose) 
but  this  was  never  substantiated  (45,  46).  It  is  also  known  that  insulin  has  no  in- 
uence  on  the  distribution  of  glucose  between  plasma  and  red  blood  cells  (47)  or  on 
t  e  rate  of  glycolysis  of  the  blood  sugar  (48,  49).  It  seems  certain,  therefore  that 
the  lowering  of  the  blood-sugar  level  in  vivo  under  the  influence  of  insulin  is’  a  re- 
su  of  the  more  rapid  withdrawal  of  sugar  from  the  blood  by  the  other  tissues  A 
decreased  supply  of  sugar  to  the  blood  from  the  liver  is  an  additive  factor  (50  5^ 

of  insulin  in  ^dft^i^s^  effect’ the  ^“genetic  effect 

is  readily  demonstrable  in  vitro  on  thin  sheets^  muscle'hr direCt  aCti°n/  U 
muscle  of  the  young  rat)  in  the  Warburg  apparatus  («  <r4  fewlr  °*  abdomInal 

is rr 

available  for  deposition  and  because  of  the 


CARBOHYDRATE  METABOLISM 


y  hypoglycemia.  Thus,  unless  the  blood  sugar  is  maintained  by  the  administra¬ 
tion  of  sugar,  the  hypoglycemia  resulting  from  insulin  action  will  evoke  a  secretion 
of  epinephrin  from  the  adrenal  medulla,  which,  in  turn,  may  mask  the  glycogenetic 

effect  of  the  insulin  by  causing  a  rapid  breakdown  of  muscle  glycogen  to  lactic 
acid. 

That  insulin  influences  the  deposition  of  liver  glycogen  is  evident  from  the  char¬ 
acteristically  low  glycogen  levels  of  the  diabetic  liver  (56,  57)  and  their  return  to 


Blood 
Sugar 
(Mg.  per 
Cent) 


Fig  42  —The  blood-sugar-lowering  effects  of  regular  and  protamine  insulin.  The  arrow  indicates  the 
administration  of  80  units  of  regular  {broken  line)  and  of  protamine  insulin  {continuous  line )  to  the  same 
diabetic  patient  at  different  times.  Throughout  the  period  of  observation,  in  each  instance,  the  patient 
was  given  20  gm.  of  glucose  (by  mouth)  every  2  hours.  (From  Duncan  and  Barnes  [119J.) 


normal  with  insulin  treatment  (58,  59)-  But  there  is  a  paradoxical  situation  as  re- 
gards  the  effects  of  administered  insulin  in  normal  animals,  for  (with  a  single  un¬ 
explained  exception  [60,  61])  all  normal  animals  invariably  exhibit  a  decreased 
amount  of  hepatic  glycogen  after  insulin  administration  (62,  63,  64).  Part  of  this 
effect  may  be  ascribed  to  the  hypoglycemia-induced  secretion  of  epinephrin  and 
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the  consequent  breakdown  of  liver  glycogen  to  blood  sugar.  But  this  is  by  no  means 
the  whole  explanation,  for  Bridge  (65)  has  shown  that  insulin  administered  with 
sufficient  glucose  to  maintain  a  certain  blood-sugar  level  results  in  a  smaller  deposi¬ 
tion  of  hepatic  glycogen  than  the  administration  of  that  amount  of  sugar  alone 
which  will  reproduce  the  same  blood-sugar  level.  He  also  showed  that  this  anom¬ 
alous  effect  of  insulin  in  normal  animals  could  be  obtained  in  the  absence  of  the 

adrenal  medulla. 

The  normal  heart,  like  skeletal  muscle,  deposits  increased  glycogen  under  the 
influence  of  insulin  (66,  67).  But  cardiac  glycogen  is  apparently  more  dependent 
upon  the  concentration  of  sugar  available  in  the  blood  than  is  the  glycogen  of 
other  organs ;  for  the  heart  of  the  completely  depancreatized  animal  may  contain 
large  amounts  of  it  (68,  69,  70)— amounts  which  are  reduced  by  restoring  the 
blood-sugar  level  to  normal  with  insulin.  The  finding  of  Junkersdorf  (71)  of  a  high 
glycogen  content  in  the  cardiac  muscle  of  phlorhizinized  dogs  with  low  blood-sugar 
levels  also  suggests  the  possibility  of  the  formation  of  cardiac  glycogen  in  situ 
from  non-carbohydrate  sources. 

The  glycogen  content  of  the  brain  and  nervous  tissues,  on  the  other  hand,  is  in¬ 
fluenced  little,  if  at  all,  by  either  the  blood-sugar  level  or  by  the  insulin  content  of 
the  blood  (72,  73).  Indeed,  it  seems  likely  that  the  small  amount  of  glycogen 
which  is  found  in  these  tissues  has  more  structural  than  metabolic  significance, 
since  the  amount  is  little  affected  by  various  nutritional,  physiological,  and  phar¬ 
macological  factors  (74,  75). 

3.  Antiketo genesis. — As  outlined  in  detail  in  chapter  x,  ketogenesis  in  the  liver 
is  best  correlated  with  a  lack  of  glycogen.  Accordingly,  insulin  is  antiketogenic 
(76,  77)  7 ^  under  conditions  in  which  it  increases  liver  glycogen  (in  the  diabetic 
organism),  but  it  may  actually  be  ketogenic  (79,  80)  under  conditions  in  which  it 
decreases  liver  glycogen  (in  the  non-diabetic  organism).  Insulin  has  no  influence 
whatever  on  the  rate  of  disposal  of  ketone  bodies  by  the  extrahepatic  tissues  (81, 
82). 


4.  Change  in  the  R.Q  — Whatever  the  significance  of  the  R.Q.  (chap,  xiv),  insu¬ 
lin  has  a  definite  effect  upon  it.  But  the  situation  with  respect  to  the  difference  be¬ 
tween  the  normal  and  the  diabetic  organism  and  the  influence  of  the  amount  of  car¬ 
bohydrate  available  is  somewhat  similar  to  that  which  obtains  for  glycogen  depo¬ 
sition  in  the  liver.  Thus,  in  the  absence  of  insulin  the  diabetic  organism  fails  to  ex¬ 
hibit  the  rise  in  the  R.Q.  which  follows  the  administration  of  sugar  to  the  normal 
animal  (83,  84).  The  administration  of  insulin  alone  to  the  fasting  diabetic  organ¬ 
ism  results  in  an  elevation  of  the  quotient  (85,  86).  However,  insulin  administra- 

r  !ug  nTmal  ?-ganiSm  reSUltS  in  variable  chan8es  of  small  magnitude 

(87,  88  89),  although  insulin  plus  sugar  does  cause  a  more  abrupt  and  more  pro¬ 
nounced  rise  in  the  R.Q.  than  does  sugar  alone.  Insulin  has  either  no  effect  on  the 
oxygen  consumption  or  may  actually  decrease  it  (54,  55,  67,  90). 
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When  insulin  does  affect  the  R.Q.,  the  results  bear  no  quantitative  relation  to 
the  fall  in  the  blood-sugar  level.  According  to  Bridge  (91),  the  R.Q.  changes  cor¬ 
relate  best  with  the  level  of  hepatic  glycogen  (see  chap,  xiv,  p.  161). 

5.  Decrease  in  serum  inorganic  phosphate— In  the  absence  of  insulin  the  dia¬ 
betic  organism  exhibits  an  abnormally  high  level  of  inorganic  phosphate  in  the 
blood  (92,  93).  This  is  corrected  by  treatment  with  insulin  (93,  94).  The  adminis¬ 
tration  of  insulin  to  the  normal  animal  causes  a  diminution  of  serum  inorganic 
phosphate  below  the  normal  level  (95,  96,  97).  There  have  been  variable  and  con¬ 
tradictory  reports  concerning  supposedly  parallel  changes  in  the  hexosemono- 
phosphate  content  of  muscle,  presumably  due  to  the  entrance  of  the  blood-serum 
inorganic  phosphate  into  muscle  in  this  esterified  form  (98,  99).  But  Soskin  and 


TABLE  19 

Change  in  Inorganic  Phosphate  (P,)  and  Total  Acid-Soluble  Phos¬ 
phate  (Pt)  of  the  Blood  and  in  Hexosemonophosphate 
(HmP)  OF  THE  MUSCLE  (SOSKIN  et  at.  [42]) 

(In  Milligrams  per  Cent) 


Experimental  Conditions 

Dog 

No. 

Change  in  Blood 

Change  in 
Muscle 
HmP* 

P. 

Pt 

Depancreatized  dogs  given  epi- 

f1 

-o-3 

0 

+  9-5 

nephrin  (o.i  mg/kg  subcutane- 

2 

—0.  1 

+3-° 

4-io.q 

ously) . 

13 

-0.4 

0 

4-9-4 

fl 

-i-9 

0 

-0.5 

Adrenalectomized  dogs  given  insulin 

2 

—  1.6 

+  2.  0 

-0.3 

(0.3  unit/kg  subcutaneously) .  . . 

i3 

—  1.2 

4-3- 0 

4-0.3 

*  In  terms  of  phosphate. 


his  co-workers  (42)  have  shown  that  the  phosphate  changes  in  blood  and  muscle 
are  not  directly  related  to  each  other  and  that  only  the  fall  in  the  blood  inorganic 
phosphate  is  a  direct  consequence  of  insulin  action.  The  confusion  was  due  to  the 
counterregulatory  reactions,  whereby  excessive  insulin  activity  evokes  a  secretion 
of  epinephrin,  and  vice  versa.  When  the  actions  of  the  individual  hormones  are 
isolated  by  excision  of  the  counterregulating  gland,  the  unopposed  action  of  the 

administered  hormone  can  be  observed  (Tables  19  and  20).  , 

The  administration  of  insulin  to  the  normal  intact  animal  is  followed  by  both 
the  blood-  and  the  muscle-phosphate  effects.  In  the  absence  of  the  adrenal  glands, 
the  action  of  insulin  on  the  blood  phosphate  persists,  while  the  hexosemonophos- 
nhate  in  muscle  is  not  affected.  The  responsibility  of  reflexly  secreted  epinephrin 
for  the  muscle-phosphate  changes  after  insulin  administration  also  accounts  or 
the  absence  of  those  changes  in  normal  animals  when  sufficient  dextrose  to  preven 
hypoglycemia  is  administered  with  the  insulin.  Conversely,  epmephrm  m  the  nor- 
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mal  animal  causes  both  a  fall  in  the  inorganic  phosphate  in  the  blood  and  a  rise  in 
the  hexosemonophosphate  in  the  muscle.  But  in  the  depancreatized  animal,  only 
the  muscle  effect  of  epinephrin  occurs. 

The  action  of  insulin  in  lowering  the  blood  inorganic  phosphate  is  not  explained 
by  a  loss  of  phosphate  from  the  blood,  for  the  total  blood  phosphate  remains  un¬ 
changed.  It  seems  probable,  therefore,  that  there  is  an  esterification  of  the  inorgan¬ 
ic  phosphate  within  the  blood  (42, 100),  although  the  nature  of  the  phosphate  com¬ 
pound  which  is  formed  is,  as  yet,  unknown. 

6.  Decrease  in  serum  potassium. — A  number  of  investigators  have  observed  a 
lowering  of  the  potassium  content  of  the  blood  serum  following  the  administration 
of  insulin  to  normal  animals  (101,  102,  103).  There  has  been  no  elucidation  of  the 


TABLE  20 


Change  in  Blood  Inorganic  Phosphate  (P„)  and  in  Total 
Acid-Soluble  Phosphate  (Pt)  (Soskin  et  al.  [42]) 

(In  Milligrams  per  Cent) 

The  maximum  decrease  in  blood  inorganic  phosphate  (P0)  obtained  with  glucose  in  any  depancreatized 
animal  was  0.4  mg.  per  cent.  Hence  no  change  in  P0  of  this  amount  or  less  was  considered  to  be  significant 
throughout  our  work. 


Type  of  Animal 

Glucose 

Insulin 

Epinephrin 

No. 

of 

Dogs 

Decrease  in 

P. 

Av. 

Rise 

in 

Pt 

No. 

of 

Dogs 

Decrease  in 

P. 

Av. 

Rise 

in 

Pt 

No. 

of 

Dogs 

Decrease  in 

P. 

Av. 

Rise 

in 

Pt 

Min. 

Max. 

Av. 

Min. 

Max. 

Av. 

Min. 

Max. 

Av. 

Normal . 

Depancreatized . 

Adrenalectomized .... 

5 

7 

3 

°S 

0 

0.  7 

I.  2 
O.4 
2.8 

0.  8 
0.  2 
1.  6 

2.  O 

I.  O 

6.  0 

20 

9 

7 

O.  7 
i-3 
o-S 

2.  O 
2.8 
2.  O 

I.  2 
I.Q 

I.  2 

2.  O 

I.  O 

3-0 

9 

14 

3 

0.4 
O.  6 
I.  I 

I-  7 

O 

I.  2 

I.  I 

°-  3 

I.  2 

2. 0 

3° 

3-o 

mechanism  of  this  effect,  except  perhaps  in  so  far  as  it  may  be  related  to  the  ir 
creased  rate  of  entry  of  sugar  into  tissues  under  the  influence  of  the  hormone 

Fenn  has  shown  that  potassium  enters  tissues  in  proportion  to  the  amount  of  ca, 
bohydrate  which  is  taken  up  (104). 

7.  Influence  on  nitrogen  metabolism, -In  the  absence  of  insulin  the  diabetic  or 
ganrsm  excretes  abnormally  large  amounts  of  nitrogen  in  the  urine  (105  106  107I 

Thrs  indicates  that  insulin  must  act  to  inhibit  protein  catabolism  at  some  point 
The  m  vitro  work  of  Bach  and  Holmes  frnR)  «rifb  i;  r  ,  me  p01nt 

ance  of  urea.  This  was  accompanied  by  a  decreased  rate  of  1  ratcof  aPPear 

"*'•  *“'  “  “"«>■  IK.  insulin  ,« 
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with  the  naturally  occurring  /-alanine,  as  had  Bach  and  Holmes.  This  nitrogen¬ 
sparing  effect  of  insulin  was  further  demonstrated  by  Gaebler  and  others  (i  io,  1 1 1) 
in  an  indirect  way.  They  found  that,  whereas  extracts  of  the  anterior  pituitary  ad¬ 
ministered  to  normal  animals  resulted  in  nitrogen  retention,  the  same  treatment 
in  diabetic  animals  caused  an  increased  nitrogen  excretion. 

The  administration  of  insulin  to  the  normal  animal  is  followed  by  uncertain  and 
contradictory  results  (112,  113).  There  may  be  either  no  change  or  an  actual  in¬ 
crease  in  nitrogen  excretion.  However,  the  amino  acid  level  of  the  blood  does  de¬ 
crease  significantly  (114,  115).  Like  other  effects  of  insulin  under  similar  circum¬ 
stances,  this  is  probably  due  to  the  counterregulatory  effects  of  other  glands,  par¬ 
ticularly  the  adrenal  medulla.  Luck  and  his  co-workers  (116)  have  shown  that  in 
adrenal-demedullated  animals  insulin  fails  to  lower  the  blood  amino  acids,  while 
epinephrin  will  do  so,  just  as  it  does  in  the  normal  animal.  It  seems  reasonable  to 
conclude,  therefore,  that  the  apparent  influence  of  insulin  on  the  amino  acid  level 
of  the  blood  of  the  normal  animal  is  actually  due  to  the  reflex  secretion  of  epi¬ 
nephrin  resulting  from  hypoglycemia.  This  same  sequence  of  events  could,  of 
course,  also  account  for  the  increased  excretion  of  nitrogen  which  sometimes  fol¬ 
lows  the  administration  of  insulin  to  normal  animals,  for  epinephrin  has  been 
shown  to  increase  protein  catabolism. 

However,  it  is  not  at  all  certain  that,  aside  from  secondary  effects  due  to  epi¬ 
nephrin  secretion,  insulin  does  not  have  a  direct  action  of  its  own  upon  the  blood 
amino  acids.  Mirsky  and  his  co-workers  (117,  118)  found  that  in  eviscerated  and 
nephrectomized  dogs  maintained  by  a  constant  injection  of  insulin  and  glucose 
the  blood  amino  acids  rose  more  slowly,  and  injected  glycine  disappeared  more 
rapidly,  than  in  similar  animals  maintained  on  sugar  alone.  Since  the  absence  of 
the  liver  and  kidneys  precludes  a  loss  of  the  amino  acids  by  deamination,  these 
experiments  suggest  that  insulin  facilitates  the  use  of  amino  acids  in  the  muscles 
for  synthetic  purposes,  either  directly  or  indirectly  (see  chap,  xix,  p.  235). 
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CHAPTER  XVI 


THE  MODE  OF  ACTION  OF  INSULIN 


A  MORE  detailed  examination  of  the  physiological  effects  of  insulin  sheds 
some  light  on  the  manner  in  which  insulin  influences  carbohydrate  metab- 
^  olism.  It  may  be  well  to  begin  by  directing  our  attention  to  skeletal 
muscle,  because  this  tissue  comprises  about  50  per  cent  of  the  body  weight,  be¬ 
cause  it  is  a  less  complicated  organ,  in  a  biochemical  sense,  than  is  the  liver,  and 
because  more  data  concerning  it  are  available. 


INSULIN  AND  GLYCOGENESIS  IN  SKELETAL  MUSCLE 

Although  it  is  facilitated  by  insulin,  the  deposition  of  glycogen  can  occur  in  the 
complete  absence  of  the  hormone  (j,  2).  The  fact  that  insulin  is  not  essential  for 
glycogen  formation  has  received  in  vitro  confirmation  from  the  work  of  Cori  and 
his  co-workers  (3,  4).  They  synthesized  glycogen  from  glucose  in  the  test  tube  in 
the  presence  of  the  necessary  enzymes  but  without  insulin.  Indeed,  they  were  un¬ 
able  to  demonstrate  any  effect  when  insulin  was  added  to  their  system  (5,  6).  In 
the  living  animal,  Dambrosi  (7)  and  Lukens  (8)  have  shown  that  the  absence  of 
insulin  does  not  even  limit  the  extent  to  which  glycogen  is  restored  after  its  de¬ 
pletion  by  exercise.  It  is  the  rate  of  restoration  of  glycogen  which  is  deficient;  for, 
whereas  in  the  normal  animal  it  took  1  hour  to  restore  the  pre-existing  glycogen 
level,  the  muscle  glycogen  of  the  completely  depancreatized  animal  was  restored 
just  as  fully  in  4  hours.  Insulin,  therefore,  exerts  its  influence  on  the  rate  of  gly¬ 
cogen  formation.  .  ,  ,  , 

The  major  factor,  other  than  insulin,  which  determines  the  rate  of  glycogen 

synthesis  is  the  concentration  of  sugar  present.  This  is,  of  course,  in  accord  W1‘ 
the  general  nature  of  all  enzyme  reactions.  Cori  et  al  (9)  have  shown  that  the 
amount  of  glycogen  deposited  in  the  liver  of  a  given  experimental  animal  depends 
upon  the  height  at  which  the  blood-sugar  level  is  maintained  rather  than  upon  e 
total  amount  of  sugar  given.  It  has  been  possible  in  our  own  laboratory  (10) 
demonstrate  this  relationship  for  muscle  even  more  clearly  on  rat  diaphragm  m 
vitro  by  the  Warburg  technic.  Figure  43  shows  the  increasing  amounts  o  g'ycogen 
1  -Lrl  a  t  increasing  sugar  concentrations,  with  or  without  added  insulin.  It  will 

of  sugar  the  insulin  exerted  no  s^mfi- 

LTeffecf over  and  above  the  effect  of  sugar  concentration.  This  relationship  0 
insulin  action  to  sugar  concentration  is  consistent  with  other  actions,  which  are  to 

l8o 
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be  discussed  later.  In  other  words,  insulin  enables  the  tissues  to  do  at  low  or  physi¬ 
ological  sugar  concentrations  that  for  which  they  would  otherwise  require  very 
high  sugar  concentrations. 

INSULIN  AND  THE  UTILIZATION  OF  SUGAR  BY  SKELETAL  MUSCLE 

One  of  the  most  firmly  intrenched  notions  about  insulin  in  the  metabolic  litera¬ 
ture  is  that  it  increases  the  dissimilation  of  carbohydrate.  This  is  without  basis 
in  fact,  for,  as  pointed  out  in  chapter  xiv,  no  over-all  measure  of  dissimilation  in 
the  living  organism  is  yet  available.  The  supposed  proof  for  the  mistaken  asser- 


Final 

Glycogen  Content 


Fig.  43.— Influence  of  sugar  concentration  on  deposition 
and  without  insulin.  (Hechter  et  al.  [io].) 


of  glycogen  in  rat  diaphragm  in  vitro,  with 


tions  is  based  upon  calculations  of  so-called  “oxidation”  from  the  R.Q.  (see  chap, 
xi)  and  the  estimation  of  utilization  from  carbohydrate-balance  experiments. 

„  Wierzuchowski  (1 1)  used  R.Q.  measurements  to  calculate  the  amounts  of  sugar 
oxidized  before  and  after  the  administration  of  insulin  in  two  normal  unanes¬ 
thetized  dogs  receiving  constant  intravenous  injections  of  glucose  (Table  21)  Ac¬ 
cording  to  these  calculations,  one  of  the  animals  “oxidized”  2 1 .5  per  cent  of  the  as- 

eotheranimal  oxidized  19.1  percent  before  insulin  andio.o  per  cent  after  insu 
haU„ir  tI  r°m  tHe  W6re  a™^d,  -<1  the  conclusion arr iv d 1  was 

to"  3 “  “l  thC  °Xldati°n  °f  aSS!milated  2°-3  per  cent 
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Bissinger  and  Lesser  (12)  attempted  to  compare  the  disappearance  of  carbohy¬ 
drate,  as  determined  by  chemical  analysis,  with  the  amounts  of  carbohydrate  u  oxi¬ 
dized,  as  computed  from  respiratory  data  (Table  22).  They  used  large  groups  of 
normal  intact  mice,  some  of  which  were  given  intraperitoneal  injections  of  glu¬ 
cose  while  others  received  glucose  plus  insulin.  The  whole  carcasses  of  control  un¬ 
treated  animals  and  of  the  injected  animals  were  minced  (some  before  and  some 
after  the  experimental  periods)  to  determine  their  initial  and  final  carbohydrate 


TABLE  21 

“Oxidation”  of  Intravenously  Infused  Glucose  with  and  without  Insulin 
in  Normal  Unanesthetized  Dogs  (Wierzuchowski  [h]) 


Without  Insulin 

With  Insulin 

Dog 

Assimilated 

(Gm/Kg) 

Oxidized 

(Gm/Kg) 

Per  Cent 
Oxidized 

Assimilated 

(Gm/Kg) 

Oxidized 

(Gm/Kg) 

Per  Cent 
Oxidized 

No.  1 . 

5.08 

I.  09 

21-  5 

$.02 

1-37 

27-3 

No.  2 . 

5.08 

O.  98 

19.  1 

5-38 

I.  02 

19.  0 

Av . 

5-  08 

I.  04 

20.3 

5-  20 

I.  20 

23.  2 

TABLE  22 

Carbohydrate  Balance  in  Mice  after  Intraperitoneal  Injection  of  Glucose 
and  of  Glucose  Plus  Insulin  ([12],  as  Condensed  by  Cori  [13]) 

(Values  Calculated  per  100  Gm.  of  Body  Weight) 


No.  of 
Animals 

Insulin- 

injected 

(Units) 

Glucose- 

injected 

(Mg.) 

Length  of 
Period 
(Min.) 

Glycogen 

Formed 

(Mg.) 

Total 

Glucose 

Disappeared 

(Mg.) 

Glucose 

Oxidized 

(Mg.) 

Glucose 

Accounted 

for 

(Per  Cent) 

67  ±4. 5 

141  +  6. 0 
iS5±S-° 

O 

78 . 

0 

219 

30 

4 

128 

90.  O 
103.0 

. 

48 . 

0.  09 

0.  09 

218 

3° 

12 

46 . 

220 

40 

20 

159 

contents.  According  to  the  respiratory  data,  no  glucose  had  been  “oxidized  up  o 
30  minutes  after  glucose  alone  was  administered,  while  the  animals  which  received 
glucose  plus  insulin  “oxidized”  128  mg.  per  cent  within  30  minutes  and  159  mg_  per 
cent  within  40  minutes.  The  figures  for  the  insulin-treated  animals  accounted  for 
from  00  to  103  per  cent  of  the  carbohydrate  that  had  disappeared  by  chemical 
analysis  But,  in  the  animals  that  received  glucose  alone,  67  mg.  per  cent  of  carbo¬ 
hydrate  (about  half  of  the  amount  that  disappeared  in  the  insulin-treated  am- 
mak)  disappeared  by  chemical  analysis  during  the  time  that  the  respiratory  cal- 
culations  indicated  that  no  sugar  was  “oxidized  ! 
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Cori  (Table  23)  attempted  to  compare  chemical  and  respiratory  computations 
of  carbohydrate  utilization  in  intact  rats.  The  results  are  summarized  in  tables  on 
pages  236  and  238  of  his  review  (13).  He  calculated  that  in  normal  and  adrenalec- 
tomized  rats,  during  4  hours  of  glucose  absorption  from  the  gastro-intestinal  tract, 
insulin-treated  rats  “oxidized”  5— 12  Per  cent  more  of  the  absorbed  glucose  than  did 
the  untreated  animals.  However,  this  effect  of  insulin  is  well  within  the  manifest 
error  of  the  experiments,  for  only  85-90  per  cent  of  the  absorbed  glucose  could  be 
accounted  for  by  the  sum  of  “oxidation,”  glycogen  deposition,  and  retention  in 
the  tissues. 

In  rats  given  insulin  or  epinephrin  during  the  post-absorptive  state,  no  true 
chemical  balance  was  done.  Respiratory  data  were  used  to  calculate  the  carbohy- 


TABLE  23 


Influence  of  Insulin  on  Carbohydrate  Balance  in 
Rats  in  Post-absorptive  State  (Cori  [13)) 

(Values  Calculated  per  100  Gm.  of  Body  Weight) 


Liver 

Glycogen 

(Mg.) 

Glycogen 
in  Rest  of 
Body 
(Mg.) 

Tissue 

Sugar 

(Calcu¬ 

lated) 

(Mg.) 

Total 

Carbo¬ 

hydrate 

(Mg). 

Carbo¬ 

hydrate 

Oxidized 

(Mg.) 

Blood 

Sugar 

(Mg/100  Cc) 

Controls: 

Before . 

220 

432 

265 

79 

57 

731 

493 

158 

Three  hours  later . 

171 

220 

Ix3 

Difference . 

-  49 

— 167 

—  22 

-238 

-238 

Balance . 

+  220 

Insulin  (0.75  units): 

Before . 

226 

438 

250 

Three  hours  later . 

85 

79 

32 

743 

367 

x58 

69 

434 

Difference . 

TQQ 

-47 

-376 

-367 

Balance . 

j  41 

+434 

dratc  content  of  the  rats  at  the  beginning  of  the  post-absorptive  period,  while 
glycogen  determinations  were  performed  at  the  end  of  the  experiment.  On  this 
basis  it  is  calculated  that  insulin  doubled  the  rate  of  sugar  “oxidation”  during  the 
3-hour  post-absorptive  period.  But  it  is  important  to  note  that,  on  the  same  basis 
pmephrm  also  increased  carbohydrate  “oxidation”  by  about  20  per  cent  This 

to  rs/sfCo0' dgnifiCa"ne;f  the  r£Spirat0ry  m6th0ds’  f0r  in  *e  samereview 
(pp.  188  ff.)  Con  discusses  different  respiratory  work  bv  himqelf  onri  i  •  , 

purports  to  show  that  epinephrin  inhibits  the  “oxidation^’  of  ™  l  h  ^ 

parent  that  the  results  obtaLd  in  intac animal usW  the  R  O  M/  ‘  “  T 

formation  of  sugar  by  the  liver  merely  serlT^’  /  Q  a“d  ‘gn°rmg  the 
of  this  method  of  approach.  ’  y  vc  to  confi™  our  previous  criticisms 
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Best,  Dale,  Hoet,  and  Marks  (14)  measured  oxygen  consumption  and  made 
carbohydrate-balance  studies  on  the  same  eviscerated  spinal  cats.  In  the  absence 
of  the  liver  they  found  that  an  increased  amount  of  sugar  disappeared  from  the 
blood  following  insulin  administration  and  that  the  sugar  which  disappeared  was 
equal  to  the  sum  of  the  glycogen  deposited  in  the  muscles  and  the  glucose  equiva¬ 
lent  of  the  oxygen  consumed.  In  accordance  with  the  state  of  knowledge  at  that 
time,  Best  et  al.  (15)  concluded  that  the  effects  of  insulin  in  excess  represent  an  in¬ 
tensification  of  its  physiological  effects,  including  the  acceleration  of  the  combus¬ 
tion  of  carbohydrate.  Hence  their  work  has  since  been  quoted  as  proof  that  insulin 
increases  the  dissimilation  of  carbohydrate. 

A  re-examination  of  their  original  data  shows  that  this  conclusion  was  not  war¬ 
ranted.  Table  24  summarizes  the  pertinent  figures  from  the  experiments  which 
they  themselves  selected  as  being  most  free  from  technical  criticism.  The  right- 


TABLE  24 


Influence  of  Insulin  on  Glucose  Oxidation  of  Eviscerated 
Spinal  Cats  (Best  et  al.  [14]) 


Original  Data 

Recalcula¬ 

tion 

Experiment 

No. 

Insulin 

(Units) 

Weight 
of  Cat 
(Kg.) 

Duration  of 
Experiment 
(Min.) 

Glucose 

Oxidized 

(Mg.) 

Glucose 

Oxidized 

(Mg/Kg/Hr) 

5.4 . 

O 

3-  2 

5° 

G°45 

392 

5B . 

20 

3-  2 

150 

2,970 

371 

6 . 

3° 

2.  6 

210 

2,595 

285 

7 . 

25 

2.8 

250 

3,°79 

264 

hand  column  is  our  own  recalculation  of  the  amounts  of  sugar  “oxidized  in  milli- 
grams  per  kilogram  per  hour,  inserted  in  order  to  make  these  values  comparable. 
It  may  be  seen  that  animal  No.  5  “oxidized”  less  sugar  aft*  insulin  than  before. 
Animals  Nos.  6  and  7,  for  which  no  pre-insulin  periods  are  given,  “oxidized  less 
sugar  after  insulin  than  animal  No.  5  “oxidized”  without  insulin.  It  is  clear  that 
this  work  offers  no  support  for  the  contention  that  insulin  increases  the  rate  either 
of  utilization  or  of  the  so-called  “oxidation”  of  carbohydrate. 

The  more  recent  work  of  Soskin  and  his  co-workers  (16,  17)  has  confirmed  the 
fact  that  insulin  does  not  increase  the  utilization  of  carbohydrate  in  the  organism 
as  1  whole,  while  at  the  same  time  giving  some  insight  into  the  reasons  for  the 
previous  confusion.  The  form  of  the  experiments  was  a  chemical-balance  study  in 
liverless  dogs,  as  described  in  chapter  xiv,  where  the  relation  of  carbohydr 
utilization  to  blood-sugar  level  was  discussed.  Experiments, 

were  done  on  the  normal  animals,  were  repeated  on  completely  depancreatize 
logs  Which  had  been  deprived  of  food  and  insulin  for  3  days.  Figure  44  summarizes 
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the  results  and  compares  them  to  those  obtained  in  normal  animals.  It  may  be 
seen  that  dextrose  utilization  in  the  depancreatized  dog  is  qualitatively  similar  to 
that  in  the  normal  dog.  In  both  types  of  animal  the  rate  of  utilization  depends 
upon  the  height  of  the  blood-sugar  level.  Within  a  wide  range  of  blood-sugar  values 
the  diabetic  dog  utilizes  less  sugar  than  does  the  normal  dog  at  any  particular 
glycemic  level.  But,  above  certain  high  levels  this  difference  disappears  and  both 
types  of  animal  use  the  same  amounts  of  carbohydrate  at  the  same  blood-sugar 


Dextrose  Utilization 
(Mg/Kg/Hr) 


levels.  When  however,  one  compares  the  rate  of  utilization  of  the  normal  animal  at  its 
usual  normal  blood-sugar  level  with  the  rate  of  utilization  of  the  diabetic  animal  at  the 

IIZalZZC  7  U  °:dinarily  main‘aim’  U  U  a^arml  that  diabetic 

animal  habitually  uses  as  much  or  more  sugar  than  the  normal  animal. 

t  is  also  clear  that,  when  one  administers  insulin  to  a  diabetic  animal  two  mn 

tually  counterbalancing  effects  are  obtained:  there  is  a  potential TreasJ of The 

amount  of  carbohydrate  that  can  be  utilized  at  the  pre-existing  blood-suglr  level 

the  rate  o^a^In W 2“  ^  ^  n<>  dlange 
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net  result  is  concerned.  It  apparently  plays  the  part  of  a  catalyst  or  activator  in  a 
process  which  can  proceed  at  a  slower  rate  in  its  absence.  More  specifically,  it  per¬ 
mits  rates  of  carbohydrate  utilization  at  low  blood-sugar  levels  which  in  its  ab¬ 
sence  would  require  abnormally  high  blood-sugar  levels. 

The  question  then  arose  as  to  whether  the  amounts  of  insulin  available  in  the 
normal  animal  were  such  as  to  result  in  maximal  rates  of  utilization  at  any  given 
blood-sugar  level.  To  answer  this  question,  carbohydrate-balance  experiments 
were  performed  on  eviscerated  normal  animals  maintained  at  particular  blood- 
sugar  levels  despite  the  constant  administration  of  large  amounts  of  insulin  (17). 


Dextrose 
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(Mg/Kg/Hr) 
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Fig.  45. — Influence  of  administered  insulin  on  sugar  utilization  in  normal  dogs.  (Soskin  and  Le¬ 
vine  [17].) 

Figure  45  shows  that,  throughout  the  wide  range  of  blood-sugar  levels  studied,  the 
administration  of  additional  insulin  to  normal  dogs  did  not  significantly  alter  their 
rates  of  sugar  utilization.  Thus,  the  amount  of  insulin  available  in  the  untreated 
normal  animal  is  already  optimal  as  regards  the  utilization  of  sugar,  so  that  addi¬ 
tional  insulin  causes  no  change.  But  this  is  not  the  case  as  regards  the  storage 
muscle  glycogen,  which  is  increased  as  a  result  of  additional  insulin. 

Considering  the  fact  that  the  lack  of  insulin  causes  a  diminution  in  both  uti  a- 
tion  and  storage  of  carbohydrate  by  the  peripheral  tissues  at  any  given  blood-sugar 
level  it  seems  probable  that  insulin  acts  by  promoting  the  conversion  o  glucose 
nto  someTnterniediate  substance  which  is  necessary  for  both  processes.  It  may  be 
supposed  that  the  rate  of  formation  of  the  intermediate  substance  depends  upon 
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the  concentration  of  the  blood  sugar  and  upon  the  amount  of  insulin  present.  In 
the  untreated  depancreatized  animal  the  increased  concentration  of  blood  sugar 
can  by  itself  lead  to  the  formation  of  sufficient  intermediate  substance  to  support 
the  normal  rate  of  catabolism.  However,  there  is  little  or  no  excess  of  the  inter¬ 
mediate  substance  available  for  synthesis  to  glycogen.  The  administration  of  in¬ 
sulin  to  the  depancreatized  animal  increases  the  amount  of  intermediate  substance 
formed  at  any  blood-sugar  level.  The  animal  now  resembles  the  normal  in  having 
available  sufficient  intermediate  substance  to  maintain  the  normal  or  maximal 
rate  of  catabolism  even  at  normal  blood-sugar  levels.  There  is  now  also  available 
additional  intermediate  substance  for  synthetic  purposes.  In  the  normal  animal,  in 


TABLE  25 


INFLUENCE  OF  INSULIN,  IN  RELATION  TO  THE  BLOOD-SUGAR 

Level,  on  the  Rate  of  Entry  of  Glucose  into  the 
Peripheral  Tissues  of  Liverless  Animals 


Blood-Sugar 

Level 

Milligrams  op  Glucose  Entering  the 
Tissues  per  Kilogram  of  Body 
Weight  per  Hour 

Maintained 
(Mg/ioo  Cc) 

Depancrea¬ 

tized 

Normal 

Normal-f- 
Added  In¬ 
sulin 

Reference 

45 . 

28 

80 . 

221 

361 

160. .  .  , 

79 

125 

262 

Soskin 

230 . 

340 

and 

525 . 

388 

415 

471 

Levine 

620.  .  .  . 

400 

577 

578 

(16,  17) 

750 . 

491 

200.  .  , 

406 

240.  .  . 

150 

Best  et  al. 

325 . 

(i4,  15) 

1 , 005 

which  sufficient  intermediate  substance  is  already  present  to  allow  the  catabolic 

aVh.ei.r  “>  -te,  additional  intermediate  subset 
suiting  from  insulin  administration  is  reflected  only  in  increased  glycogen  syn- 


If  the  action  of  insulin  in  the  tissues  is  to  promote  the  conversion  of  „i 

some  intermediate  substance  which  is  necessarv  for  ho T  ?•,  g  mt° 

genesis,  a  consistent  effect  of  the  hormone should  k  Ut,Uzftlon  ^  gIyC°' 

sugar  into  the  tissues,  regardless  of  the  fate  of  11^  “  rate  °f  entry  of 

to  show  that  this  is  the  case  were  furnished  by  the  caAoh^rltebl  *** 

ments,  in  which  sugar  was  constantly  injected  in  order  to  ^1  “  eXpe"' 

sugar  levels  (16  17)  Table  2  c  •  ,  order  t°  maintain  constant  blood- 

parable  experiments  2tst  ***  data’  “  WeU  aS  the  -suits  of  com- 
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INSULIN  AND  THE  DISSIMILATION  OF  CARBOHYDRATE 
BY  SKELETAL  MUSCLE  in  vitro 

Since  the  advent  of  the  Warburg  technic,  there  have  been  a  number  of  attempts 
to  demonstrate  the  action  of  insulin  in  vitro.  These  attempts  have  been  successful 
as  regards  the  deposition  of  glycogen  in  isolated  muscle  (p.  169)  but  have  been  uni¬ 
formly  unsuccessful  in  showing  any  influence  of  insulin  on  so-called  “  oxidation”  or 
dissimilation  of  carbohydrate  in  mammalian  muscle  (18,  19,  20).  As  in  the  whole 
animal,  insulin  causes  either  no  change  or  an  actual  decrease  in  oxygen  consump¬ 
tion,  and  there  is  no  correlation  between  the  oxygen  consumed  and  the  sugar  which 
disappears  (Table  18,  p.  157). 

In  contradistinction  to  the  results  obtained  in  mammalian  muscle,  Krebs  and 
Eggleton  and  others  (21,  22)  were  able  to  demonstrate  an  increased  oxygen  con¬ 
sumption  under  the  influence  of  insulin  in  minced  pigeon-breast  muscle.  These  ex¬ 
periments  were  performed  in  the  presence  of  glucose  as  the  substrate  and  with  the 
addition  of  citric  acid  as  a  catalytic  agent.  The  high  R.Q.  obtained  under  these  cir¬ 
cumstances  led  to  the  conclusion  that  the  increased  oxygen  consumption  resulting 
from  the  addition  of  insulin  signified  a  stimulation  of  carbohydrate  “oxidation 
by  the  hormone.  Using  the  same  tissue  and  pyruvate  as  the  substrate,  Rice  and 
Evans  (23)  demonstrated  an  increased  oxygen  consumption  with  a  coincidentally 
increased  disappearance  of  pyruvate  under  the  influence  of  insulin.  Apparently,  an 
insulin  effect  on  some  oxidative  process  is  obtainable  in  pigeon-breast  muscle. 

The  work  on  the  muscle  of  birds  tends  to  confuse  the  picture  of  insulin  function 
rather  than  to  clarify  it ;  for  it  must  be  pointed  out  that,  of  all  the  experimental  ani¬ 
mals,  pigeons  are  about  the  least  suitable  from  which  to  draw  conclusions  of  gen¬ 
eral  significance.  It  takes  relatively  enormous  doses  of  insulin  in  the  intact  bird  to 
produce  even  a  small  fall  in  the  blood-sugar  level.  On  the  other  hand,  the  remova 
of  the  pancreas  does  not  result  in  anything  resembling  the  diabetic  syndrome  in 
mammals  (24,  25).  With  respect  to  the  influence  of  insulin  on  the  use  of  pyruva  e, 
the  results  in  pigeon-breast  muscle  are  completely  at  variance  w.th  what  .s  known 
of  the  fate  of  pyruvate  in  mammalian  muscle.  According  to  Flock  and  Bollman 

^  adm  n  Stefed  pyruvate  is  disposed  of  just  as  rapidly  by  the  co^  de¬ 
fatted  dog  as  by  the  normal  dog,  while  Bueding  and  Himwrch  (a7)  have 
shown  that  the  Administration  of  insulin  with  glucose  actually  results  m  a  greate 
rise™  pyruvic* acid  in  the  blood  than  does  the  injection  of  the  carbohydrate  alon  . 

THE  INFLUENCE  OF  INSULIN  ON  THE  LIVER 

Evidence  „  »  I*  nv.l,  .1 «».  |j£  »”  “  S.'SXS » 
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ments  have  been  reported.  When  studying  the  intact  living  organism,  the  results 
are  difficult  to  interpret  because  of  the  many  regulatory  and  counterregulatory  in¬ 
fluences  to  which  the  liver  is  subject.  Nevertheless,  there  are  sufficient  data  to 
show  that  the  actions  of  insulin  on  the  liver  are  correlated  with  the  blood-sugar  lev¬ 


el,  as  they  are  in  muscle. 

Issekutz  and  Szende  (28)  were  the  first  to  demonstrate  that  insulin  inhibits 
hepatic  glycogenolysis.  They  showed  that  livers  removed  from  frogs  which  had 
previously  received  insulin  produced  less  sugar  than  did  the  livers  of  untreated 
frogs.  Similar,  though  less  well-controlled,  results  were  obtained  by  Cori  (29), 
Molitor  and  Poliak  (30),  and  Sahyun  (31)  by  different  methods.  On  the  other 
hand,  Lundsgaard  et  al.  (32,  33)  were  unable  to  show  that  insulin  had  any  action 
on  glycogen  breakdown  or  deposition  in  the  perfused  livers  of  cats  and  dogs. 

More  recently,  however,  Soskin  and  his  co-workers  (34,  35)  were  able  to  demon¬ 
strate  an  inhibitory  effect  of  added  glucose  on  the  rate  of  appearance  of  free  sugar 
in  minced  dog  liver  in  vitro.  This  offered  the  opportunity  for  the  testing  of  the  ac¬ 
tion  of  insulin  on  hepatic  glycogenolysis  under  simplified  conditions.  A  lobe  of  the 
liver  was  removed  from  normal  dogs  anesthetized  with  nembutal.  Insulin  was  then 
administered  to  the  animals,  and  30-45  minutes  later  the  remainder  of  the  liver 


was  removed.  In  the  liver  samples  removed  after  insulin  administration,  there 
was  a  significantly  lower  rate  of  appearance  of  free  sugar  than  in  the  samples  re¬ 
moved  before  insulin  was  given.  When  glucose  was  added  in  vitro  to  both  sets  of 
liver  samples,  the  rate  of  glycogenolysis  was  inhibited  to  a  greater  extent  and  by 
smaller  amounts  of  added  glucose  in  the  “insulinized”  samples  than  in  the  control 
samples  (Table  26).  It  was  apparent  that  insulin  inhibited  glycogenolysis  in  the 
liver  and  reinforced  the  inhibitory  effect  of  added  dextrose. 


The  antiketogenic  and  nitrogen-sparing  effects  of  carbohydrate  are  ordinarily 
considered  as  requiring  the  presence  of  insulin,  since  they  are  difficult  to  elicit  in 
its  absence.  But  the  hormone  is  not  essential,  as  has  been  shown  by  Soskin  (36). 
^  fact,  this  work  demonstrated  that  every  criterion  of  carbohydrate  utilization 
which  is  exhibited  by  the  normal  animal  can  also  be  obtained  without  insulin  in  the 
comp  ete  y  depancreatized  animal,  under  the  appropriate  experimental  conditions 

thTantiW  '  M°r6  Mirsky  and  his  “-workers  (37,  38)  have  shown  that 

acutelv  diahft  f  8  effectS  °f  carbohyd™te  can  be  obtained  in 

h  eh  kve  Hencenir  ^  T  ^  bl°°d  SU«ar  !s  raised  a  sufficiently 

gh  level.  Hence,  the  mode  of  action  of  insulin  with  respect  to  the  foreeoins  he 

“■  m“fc  nr-  - 


PHOSPHORYLATION,  THE  COMMON  PACTOR  IN  INSULIN  ACTION 
insulin  ^“^^^P^^ffi^ffie^e^t^d'^unreHte^functions^orthe'^horinone.'"!*  fe 


CARBOHYDRATE  METABOLISM 


190 


more  likely  that  they  are  indirect  consequences  of  a  single  catalytic  influence  on 
some  basic  enzyme  system.  From  the  functional  standpoint  the  fundamental  ac¬ 
tion  of  insulin  may  be  considered  as  being  the  increased  rate  of  entry  of  glucose 
(dextrose)  from  the  blood  and  extracellular  fluids  into  the  tissue  cells  of  the  body. 
This  may  not  apply  to  organs  like  the  brain  and  kidney;  but  it  does  apply  at  least 
to  the  skeletal  muscles  and  liver,  which  compose  the  overwhelming  bulk  of  the 
metabolically  active  tissues  of  the  body.  In  biochemical  terms,  the  increased  trans¬ 
it  of  sugar  into  the  tissues  may  be  described  as  the  facilitation,  by  insulin,  of  a 


TABLE  26 

Inhibition  of  Glycogenolysis  in  Liver  Brei  by  Dextrose  and  by 
Dextrose  plus  Insulin  (Taubenhaus  et  al.  [35]) 
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18 
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48 

83 
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1,019 

446 

690 

23 

4,000 

222 

66 

*  Values  are  in  milligrams  per  too  gm.  of  liver,  calculated  as  for  glucose. 


basic  phosphorylation  which  introduces  carbohydrate  into  the  metaboiic  processes 
of  the  cell.  Regarded  from  the  physical  aspect,  it  may  be  said  that,  y  incr  g 
the  rate  of  phosphorylation  of  glucose  within  the  cell,  insulin  causes  a  steepir 
gradient  of  free  sugar  across  the  cell  membrane  and  thus  increases  its 

fU  AToutUne'd  ^chapter  hi,  the  present  state  of  knowledge  of  the  intermediate 
stens  in  carbohydrate  metabolism  indicates  that  the  intermediate  substance  th 
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phate  (ATP).  The  original  energy  necessary  for  the  production  of  ATP  from 
adenylic  acid  must  eventually  come  from  such  oxidative  reactions  as  may  be  cou¬ 
pled  with  the  esterification  of  inorganic  phosphate.  It  must  therefore  be  assumed 
that  insulin  acts  at  an  as  yet  unknown  locus  in  this  cycle  of  events  (39,  40).  This 
is  consistent  with  the  demonstrated  effect  of  insulin  in  esterifying  inorganic  phos¬ 
phate  in  the  blood  (p.  172).  It  is  also  supported  by  the  recent  work  of  Sacks  (41) 
with  radioactive  phosphorus,  in  which  he  showed  that  insulin  increased  the  rate  of 
turnover  of  the  phosphate  in  ATP. 

This  hypothesis  is  compatible  with  the  observed  relationship  between  insulin 
action  and  sugar  concentration.  It  is  to  be  expected  that  the  rate  of  the  basic  phos¬ 
phorylation,  like  that  of  any  other  enzymatic  reaction,  would  be  influenced  by  the 
concentration  of  the  substrate.  Like  any  other  catalyst,  insulin  could  be  regarded 
as  increasing  the  rate  of  the  reaction  for  any  given  concentration  of  the  substrate. 
If  the  substrate  concentration  were  high  enough,  no  additional  effect  of  the  cata¬ 
lyst  could  be  demonstrated.  At  low  concentrations  the  action  of  the  catalyst  could 
be  described  as  making  possible  rates  of  reaction  which  in  the  absence  of  the  cata¬ 
lyst  would  require  very  high  concentrations  of  substrate. 


From  the  foregoing  point  of  view  the  various  physiological  effects  of  insulin 
which  have  been  described  as  separate  phenomena  emerge  as  merely  different 
parts  of  the  same  chain  of  events.  The  fall  in  the  blood-sugar  level  is  a  direct  re¬ 
flection  of  the  influence  of  insulin  on  the  basic  phosphorylation,  in  so  far  as  it 
causes  a  greater  rate  of  removal  of  sugar  from  the  blood.  The  association  of  po¬ 
tassium  with  the  hexose  phosphates  in  muscle  also  accounts  for  the  withdrawal  of 
blood  potassium.  The  accelerated  metabolic  processes  made  possible  by  the  in¬ 
creased  rate  of  the  first  step  in  the  series  results  in  a  greater  disposal  of  the  sub- 
strate  both  for  synthetic  and  catabolic  purposes  (glycogen  deposition  and  R.Q. 

Cf  ‘11  n6  increased  availability  of  the  substrate  to  the  enzymatic  machinery 
Of  the  cell  allows  carbohydrate  to  become  predominant  over  protein  and  fat  in  the 

inhT,  ,r  °XidatiVe  SyStemS'  He"Ce  the  catat>olism  of  protein  and  fat  is 
ibittd  (antiketogenesis  and  nitrogen-sparing  action) .  The  latter  effects  are  nat¬ 
urally  prominent  in  the  liver,  which  is  primarily  concerned  with  the  in  erclnve 
Sion  of  foodstuffs;  while  the  former  effects  are  more  characteristic  of  the  ske,ltl 

drate  ^ketoacid^^  OTSanS’  WHiCh  ^  ^  fr0m  carbohy 
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ganic  phosphate,  and  the  potential  enerL  adenyllc  acid  and  inor‘ 

forthcoming  for  its  continuous  for  ™  *C  ^  rePresents  and  which  must  be 

steps  in  the  dissimilation  of  carbohy^ratTfni’Tb)11  ^  oxidative 

y  ate  (F  ig.  46).  Using  radioactive  phosphorus 
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as  a  tracer,  Sacks  (41)  has  demonstrated  a  more  rapid  turnover  of  ATP  in  the 
skeletal  muscle  of  intact  animals  when  glucose  and  insulin  were  administered  than 
when  glucose  alone  was  given.  Since  the  rate  of  phosphorylation  of  glucose  de¬ 
pends  upon  the  rate  of  turnover  of  ATP,  it  is  obvious  that  insulin  might  act  on 
any  of  the  oxidative  reactions  that  supply  the  energy  for  the  rephosphorylation  of 
adenylic  acid.  But  the  fact  that  insulin  does  not  increase  oxygen  consumption, 
either  in  vivo  (42)  or  in  vitro  (Table  27),  makes  this  simple  explanation  untenable. 
This  anomalous  situation  might  be  resolved  by  supposing  that,  without  actually 
increasing  the  rate  of  oxidative  reactions,  insulin  increased  their  efficiency  as  re¬ 
gards  phosphorylation  so  that  more  moles  of  inorganic  phosphate  were  esterified 
per  mole  of  oxygen  consumed  (40).  This  is  not  unreasonable,  in  view  of  the  fact 
that  different  investigators  have  reported  various  ratios  of  phosphate  esterifica- 


TABLE  27 


Lack  of  Effect  of  Insulin  on  the  Oxygen  Consumption 
of  Mammalian  Muscle  in  vitro 


Condition 

of 

Animal 

Type  of 
Tissue 

Glucose  in 
Medium 
(Mg.  per 
Cent) 

Insulin 

Qo, 

Reference 

Normal . 

Abdominal 

j 

7 

0 

0 

3-0 

2.  9 

Levine 

muscle 

o 

+ 

3-0 

et  al.  (39) 

u°° 

+ 

3-  ij 

° 

O 

4-  7] 

Normal . 

Diaphragm 

200 

O 

4-  7 

► 

Gemmill 

500 

0 

5-3 

(20) 

.500 

+ 

4-  7) 

tion  to  oxygen  consumption,  according  to  the  experimental  conditions  which  they 
employed.  J 

Considering  the  fact  that  insulin  usually  raises  the  R.Q.  without  affecting  the 
oxygen  consumption,  one  might  suppose  that  insulin  acted  on  some  as  yet  un- 

the  systems  between  glucose-6-nhosnhite  i 8  cose  (Flg-  *6>  steP  A)  or  with 

It  has  been  possible  to  test  the  latter  systems  with<Du"fi  ^8'  ^  St6PS  B  C'>' 
the  results  have  been  negative  ^  puri^e<^  enzymes  in  vitro ,  and 

wise  been  shown  7,^  °f  inSulin  ^  6).  It  has  like- 

absence  of  added  glucose  insulin  has  no  effect  upon  the 
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rate  of  glycogen  breakdown  in  mammalian  muscle  in  vitro  (Fig.  47).  Unfortunate¬ 
ly,  it  has  thus  far  been  impossible  to  obtain  an  extract  of  skeletal  muscle  which 
will  phosphorylate  glucose  in  vitro.  An  enzyme  obtained  from  yeast  and  known  as 
“hexokinase”  will  do  so,  but  it  is  not  influenced  by  insulin.  However,  hexokinase 
need  not  be  similar  to  the  enzyme  system  responsible  for  glucose  phosphorylation 
in  mammalian  muscle;  for,  while  hexokinase  will  phosphorylate  fructose  even 

TABLE  28 

Influence  of  Insulin  in  Increasing  the  Deposition  of 
Glycogen  in  Rat  Diaphragm  in  vitro  without 
Affecting  the  R.Q.  Significantly 


Glucose 

in 

Medium 
(Mg.  per  Cent) 

Insulin 

Qo, 

Total  Carbo¬ 
hydrate 
Change  in 
Tissue 

(Mg/100  Mg) 

R.Q. 

Reference 

O . 

O 

4.8 

—  O.  09 

o.  73] 

200  . 

O 

4.  9 

+0-37 

0.  86 

Gemmill 
(19,  20) 

200 . 

+ 

4.  6 

+0.  82 

0.  91 

> 

O 

5-  2 

+0.  56 

0.  86 

COO . 

+ 

4-  7 

-{-  I  .  l8 

0.88 

— 

Change  in  Glycogen 
(Mg.  per  Cent) 


+  100  - 


Initial 


•100 


Glucose  +  insulin 


Q02 


3.1 


Glucose 


No  substrate 
No  substrate  +  insulin 


3.0 


2.9 

3.0 


Fig.  47. — Lack  of  influence  of  insulin  on  glycogen  content  of  ra,  abdominal  muscie  f»  in  the  ab- 
sence  of  glucose.  (Levine  el  at.  [39]  ) 

more  readily  than  it  does  glucose,  mammalian  skeletal  muscle  i»  ^  will  deposit 

™ 

possible  to  decide  whether  or  not  msulmmayact  at  th‘sP°“t  some  of  the 

Another  difficulty  is  our  "outlined  in  Figure  46. 

details  in  our  conception  of  y  showed  that  insulin  m- 

For  example,  in  the  same  experiments  in  which  Sac  U 
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creased  the  rate  of  turnover  of  ATP,  he  was  unable  to  find  any  corresponding  in¬ 
crease  in  the  rate  of  turnover  of  glucose-6-phosphate.  This  may  mean  that,  in 
skeletal  muscle,  glucose  is  phosphorylated  to  glucose- 1 -phosphate  rather  than  to 
glucose-6-phosphate.  If  this  were  so,  muscle  would  differ  from  brain,  liver,  and 
kidney,  the  extracts  of  which  have  been  shown  to  phosphorylate  glucose  to  glu- 
cose-6-phosphate . 

Data  of  more  positive  significance  indicate  that  the  point  of  action  of  insulin 
is  probably  above  pyruvate.  In  the  presence  of  sodium  fluoride,  which  inhibits 
glycolysis  at  the  phosphoglyceric  acid  stage,  the  addition  of  insulin  to  muscle 
in  vitro  still  leads  to  a  greater  esterification  of  inorganic  phosphate  (Fig.  49) .  A 
similar  significance  may  be  attached  to  the  recent  work  of  Himwich  et  al.  (27)  on 
depancreatized  dogs.  They  found  a  greater  rise  of  pyruvic  acid  in  the  blood  after 

Change  in  Glycogen 
(Mg.  per  Cent) 


Glucose  +  insulin 


+  100 


Initial 


Glucose 


-100 


No  substrate 
Fructose  +  insulin 
Fructose 


Decrease  in 
Inorganic  Phosphate 
(Mg.  per  Cent) 


Fig  49  —Influence  of  insulin  on  the  decrease  in  inorganic  phosphate  (esterification) 
muscle  in  vitro.  (Levine  el  al.  [39]-) 


in  rat  abdominal 


TABLE  29 


lack  of  Significant  Difference  between  Normal  and  Diabetic  Muscle  in  nUro 

the  respiratory  events  Mac.  ^ 


Condition 


Normal . 

Diabetic  (alloxan) 


No. 

OF 

Animals 

Blood 

Sugar 

(Mg. 

PER 

Cent) 

QOn 

R.Q. 

Lactic  Acid 
Production 
(Mg.  per  ioo 
Gm.  per  Hr.) 

Phosphate  Partition 
(Mg.  per  Cent) 

In  0, 

In  N, 

P. 

P» 

P  Creat. 

P  Total 

10 

15 

123 

393 

00  w 

CO  co 

0.  81 
0.  78 

00  ^*1 

Oj  00 

355 

278 

17 

22 

32 

34 

55 

57 

139 

143 

197 
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It  is  evident  that,  while  we  are  perhaps  closer  to  the  solution  of  insulin  action 
than  we  are  to  the  action  of  any  other  hormone,  the  problem  is  far  from  solved. 
It  may  be  that  the  failure  to  arrive  at  the  ultimate  solution  depends  upon  the  fact 
that  very  little  in  vitro  work  has  been  done  with  the  tissues  of  diabetic  animals.  We 
have  seen  that  in  the  normal  intact  animal  an  optimal  amount  of  insulin,  as  re¬ 
gards  glucose  utilization,  is  present,  so  that  the  administration  of  additional  in¬ 
sulin  is  without  influence  in  this  respect.  It  does  increase  glycogen  deposition  in 
the  muscles,  and  this  effect  can  also  be  demonstrated  in  isolated  normal  muscle 
in  vitro.  Further  in  vitro  investigations,  using  diabetic  instead  of  normal  tissues, 
might  be  fruitful  as  regards  other  influences  of  insulin.  Certainly,  not  much  prog¬ 
ress  was  possible  in  the  search  for  the  points  of  action  of  the  various  components 
of  the  vitamin-B  complex  on  the  enzymatic  machinery  of  metabolism  until  the 
tissues  of  animals  deprived  of  specific  vitamins  became  available.  However,  the 
authors  must  confess  that  their  own  in  vitro  studies  with  diabetic  mammalian 
muscle  have  not  been  very  enlightening  thus  far.  Table  29  indicates  a  number  of  re¬ 
spects  in  which  the  diabetic  muscle  does  not  appear  to  differ  from  normal  muscle. 
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CHAPTER  XVII 


THE  ADRENAL  CORTEX 


THE  essential  nature  of  the  adrenal  glands  to  the  well-being  of  man  was 
first  indicated  in  Addison’s  original  description  (i)  of  the  disease  which 
has  since  been  called  by  his  name.  The  influence  of  the  gland  on  carbohy¬ 
drate  metabolism  was  for  a  long  time  ascribed  to  the  secretion  of  the  adrenal 
medulla.  In  1909  Porges  (2,  3)  reported  the  occurrence  of  hypoglycemia  in  Addi¬ 
son’s  disease,  which  was  by  that  time  recognized  as  primarily  affecting  the  adrenal 
cortex.  He  also  demonstrated  the  occurrence  of  low  carbohydrate  levels  in  bilater¬ 
ally  adrenalectomized  dogs.  Despite  subsequent  substantiation  of  these  findings, 
little  advance  in  knowledge  as  to  the  carbohydrate  functions  of  the  adrenal  cortex 
was  made  until  the  early  work  of  Britton  and  his  co-workers  (4,  5,  6). 


Stewart  and  Rogoff  (7)  had  previously  made  adrenal  cortical  extracts  capable  of 
maintaining  the  life  of  adrenalectomized  animals.  Swingle  and  Pfiffner  (8,  9)  de¬ 
vised  a  new  method  for  extraction  but  were  particularly  struck  by  the  influence  of 
their  extract  on  salt  and  water  metabolism.  Britton  and  his  co-workers  (5,  10,  11) 
on  the  other  hand,  emphasized  the  importance  of  hypoglycemia  and  low  glycogen 
levels  as  factors  leading  to  the  death  of  their  adrenalectomized  animals.  While 
they  also  observed  certain  effects  on  the  Sodium  and  potassium  levels  of  the  blood, 

they  insisted  that  the  prepotent  influence  of  their  extracts  was  exerted  on  carbo¬ 
hydrate  metabolism. 

The  controversial  nature  of  the  subject  gradually  abated  as  it  became  apparent 
that  both  the  mineral  and  carbohydrate  effects  were  salient  features  of  adrenal¬ 
ectomy,  that  they  could  be  obtained  with  adrenal  cortical  extracts,  and  that  thev 
were  not  completely  independent  of  each  other.  The  use  of  depancreatized  and  of 
hypophysectomized  animals  facilitated  the  establishment  of  the  carbohydrate 
functions  of  the  adrenal  cortex;  and,  finally,  the  potent  steroids  separated  from 
the  extracts  by  Reichstein  („)  and  by  Kendall  (r3),  have  made  possible^  the T 
cumulatron  of  data  on  each  aspect  of  adrenal  function,  uncomplicated  by  the 
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but  which  have  largely  separate  actions.  One  maintains  the  sodium  levels  of  the 
tissues  but  is  relatively  ineffective  in  maintaining  appetite  and  normal  behavior 
and  in  preserving  life  in  adrenalectomized  cats.  The  other  factor  (“cortin”)  is  very 
potent  in  preserving  life,  appetite,  weight,  and  normal  behavior  even  while  the 
serum  sodium  remains  low.  In  the  light  of  other  work,  however,  the  views  of  Hart¬ 
man  et  al.  would  seem  to  represent  an  oversimplification  of  the  problem  and  to 
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Fig  5o  —  Representative  steroids  of  the  adrenal  cortex 


minimize  the  importance  of  the  sodium  and  potassium  balance  for  the  well-being 
of  the  living  organism.  ,  ctprniH(.  (ix  id  16)  from  the 


201 


THE  ADRENAL  CORTEX 

sence  of  more  precise  knowledge  of  that  vital  function,  the  failure  of  which  is  the 
most  urgent  cause  of  death  in  untreated  adrenalectomized  animals,  it  is  convenient 
to  compare  the  various  cortical  steroids  and  fractions  in  regard  to  the  following 
effects  on  such  animals:  (a)  the  maintenance  of  life,  ( b )  the  restoration  of  normal 
carbohydrate  levels  in  all  tissues,  and  (c)  the  restoration  of  normal  sodium  and 
potassium  balance  and  excretion.  To  these  effects  may  be  added  the  restoration  of 
the  ability  of  the  muscles  to  continue  to  perform  work  in  response  to  prolonged 
stimulation,  according  to  the  test  developed  by  Ingle  (17)-  But  since  the  activities 
of  substances  in  this  respect  run  parallel  with  their  carbohydrate  effects,  these  two 
actions  may  be  considered  together. 

Kendall’s  amorphous  fraction  (cortin)  and  his  desoxy-B  compound  seem  to  be 
the  most  potent  for  maintaining  life  (18,  19).  The  carbohydrate  levels  are  best  re¬ 
stored  by  corticosterone  and  its  derivatives  which  have  an  oxygen  or  hydroxyl 
group  on  C„  (19,  20).  In  this  respect,  cortin  has  some  effect,  but  desoxy corticoster¬ 
one  has  very  little  (21).  The  relative  potencies  of  the  substances  acting  on  carbo¬ 
hydrate  levels  maintain  a  similar  relationship  when  these  materials  are  tested  on 
muscular  work  performance  (19,  22).  Some  of  the  earlier  work  with  synthetic 
desoxycorticosterone  acetate,  while  showing  its  powerful  influence  on  the  sodium 
and  potassium  balance,  had  revealed  no  action  on  carbohydrate  metabolism  (23, 
24).  This  is  apparently  a  matter  of  dosage,  for  Harrison  and  Harrison  (25)  have 
reported  that  1.25  mg.  daily  of  the  substance  would  maintain  life  and  a  normal 
mineral  balance  in  adrenalectomized  rats  but  that  it  required  2.5  mg.  daily  to 
maintain  a  normal  blood-sugar  level.  Similar  evidence  is  available  in  the  work  of 
Britton  and  Corey  (26),  Ingle  (27),  Wells  (28,  29),  and  Long,  Katzin,  and  Fry  (21), 
although  these  authors  differ  from  Harrison  and  Harrison  and  from  each  other  as 
to  the  comparative  potency  of  desoxycorticosterone  on  carbohydrate  metabolism. 

lable  30,  which  modifies  and  amplifies  one  of  Ingle’s  (19),  summarizes  the  rela¬ 
tive  quantitative  effects  of  salt  and  of  steroids,  which  have  been  shown  to  substi¬ 
tute  for  the  functional  activity  of  the  adrenal  cortex  in  one  respect  or  another. 


DEFICIENCES  RELIEVED  BY  SALT  TREATMENT 

III  spite  of  the  qualitative  difference  in  the  prepotent  activity  of  the  various 
substances  which  may  be  separated  from  adrenal  cortical  extracts,  it  is  impossible 
to  discuss  the  materials  concerned  with  the  metabolism  of  the  foodstuffs  without 
also  considering  those  which  primarily  affect  the  mineral  balance.  This  is  because 
the  absence  o  the  latter  in  adrenalectomized  animals  disturbs  the  normal  environ¬ 
ment  of  all  cells  and  thus  produces  certain  secondary  disturbances  in  metabolism. 
The  secondary  effects  are  most  readily  distinguished  from  the  primary  metabolic 
t  of  adrenalectomy  by  a  consideration  of  those  disturbances  which  are  allevi 
ated  by  combating  the  mineral  imbalance  with  a  high  sodium  and  low  potassium 
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intake.  The  symptoms  of  adrenal  cortical  insufficiency  which  are  relieved  by  salt 
treatment  are  as  follows: 

1 .  Decrease  in  the  sodium  content  and  increase  in  the  potassium  of  the  blood  serum. — 
This  is  accompanied  by  an  increased  excretion  of  sodium  in  the  urine  and  a  de¬ 
creased  excretion  of  potassium  (30,  31).  The  changes  in  excretion  are  known  to  be 
due  to  a  specific  effect  upon  the  kidney  tubules  (32).  The  changes  in  the  blood 
levels  are  due  partly  to  disturbed  kidney  function  and  partly  to  a  similar  derange¬ 
ment  of  electrolyte  balance  in  the  other  tissues  of  the  body  (33,  34). 

2.  Dehydration  and  hemoconcentration. — These  are  secondary  to  the  loss  of  H20 
involved  in  the  excessive  excretion  of  NaCl.  They  are  partly  responsible  for  the 

TABLE  30 

Degree  of  restoration  to  Normal  of  the  Effects  of  Adrenalectomy 
by  Various  Modes  of  Substitution  Therapy 
(-| — 1 — 1 — 1-  =  Complete  Restitution) 


Condition 


Low  blood  NaCl . 

High  blood  potassium . 

Survival  on  food . 

Low  basal  metabolic  rate . 

High  blood  urea . . . 

Low  carbohydrate  absorption . 

Survival  on  fasting . 

Lowered  storage  of  fed  glucose . 

Low  resistance  to  stress . . 

Low  nitrogen  excretion  on  fasting .  . 

Work  performance . 

Insulin  sensitivity . ;  • 

Low  carbohydrate  levels  on  fasting . 
Reduction  of  diabetic  hyperglycemia 
and  glycosuria . 


Deghee  of  Restoration  by — 


NaCl 

Desoxycor- 

ticosterone 

Cn  Steroids 

+  +  +  + 

+  +  +  + 

+  + 

+  +  +  + 

+  +  +  + 

+  + 

+  +  +  + 

+  +  +  + 

+  +  +  + 

+  +  +  + 

+  +  + 

+  +  + 

+  + 

+  +  +  + 

+  +  +  + 

+  +  + 

+  +  + 

+  +  +  + 

+  +  + 

+  +  + 

+  +  +  + 

+ 

+ 

+  +  + 

+  + 

+  +  +  + 

+ 

+ 

+  +  +  + 

+ 

+ 

+  +  +  + 

+ 

+  + 

+  +  +  + 

+ 

+  + 

+  +  +  + 

X  - - J  W 

th*!  e Acidosis.— This  is  due  to  the  retention  of  acid  metabolites  and  anions,  which 
are  ordinarily  neutralized  and  excreted  by  the  kidneys.  The  failure  in  excretion  is 
due  in  part  to  the  circulatory  failure  and  in  part  to  the  specific  kidney  dlst“rb““‘ 
A  feature  of  the  latter  is  an  inability  to  produce  NH3  for  the  regulation  of  the  ac.d- 

baS;  impairment  of  carbohydrate  absorption  by  the  gaslro-intestinal  trad  and  of  the 

fhe  movement  of  potassium  out  of  all  tissue  cells.  Fenn  showed  that  the  passag. 
sugar  into  the  cell  was  accompanied  by  a  movement  of  potassium  in 

rection  (36). 
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5.  Decreased  metabolic  rate.— This  has  been  demonstrated  for  the  isolated  tis¬ 

sues  of  adrenalectomized  animals  in  vitro  (37,  38).  In  the  living  animal  it  may  also 
depend  upon  the  reduced  blood  chloride  level,  which  interferes  with  the  dissocia¬ 
tion  of  oxygen  from  oxyhemoglobin,  decreasing  the  supply  of  oxygen  to  the  tis¬ 
sues  (39,  40).  ...  . 

6.  Anorexia  and  the  consequent  lack  of  gain  in  weight  and  cessation  of  growth. 

No  explanation  for  the  loss  of  appetite  is  available. 

7.  Rapid  deterioration  and  death  of  the  animal. — This  is  probably  a  result  of  the 
cumulative  effects  of  dehydration  and  hemoconcentration,  leading  to  a  shocklike 
condition,  plus  the  toxic  action  of  high  potassium  levels  and  the  hypoglycemic  ef¬ 
fects  of  fasting,  owing  to  the  anorexia. 

The  beneficial  effects  of  salt  on  the  above  symptoms  are  striking  and  very  read¬ 
ily  demonstrated.  The  diminished  rate  of  glucose  absorption  is  completely  re¬ 
stored  to  normal  by  the  administration  of  NaCl  in  the  drinking  water  (41,  42).  The 
same  holds  true  for  fat  absorption  (43).  Similarly  treated  adrenalectomized  rats 
can  deposit  glycogen  from  glucose  nearly  as  well  as  normal  rats  (42, 44)  and  may  gain 
weight  in  normal  fashion  (45).  But  while  salt  treatment  enables  adrenalectomized 
animals  to  survive  indefinitely  under  favorable  conditions,  it  does  not  restore  them 
completely  to  normal.  They  are  still  sensitive  to  stresses  and  strains  of  all  kinds 
(x9>  44)-  Nor  is  this  sensitivity  completely  abolished  by  treatment  with  the  ster¬ 
oids  that  are  active  as  regards  carbohydrate  metabolism  (19,  34).  It  is  upon  this 
evidence  that  the  possibility  of  the  existence  of  a  separate  “life-maintaining”  prin¬ 
ciple  is  based  (19). 

The  observations  of  the  normal  absorption  of  carbohydrate  and  fat  in  salt- 
treated  adrenalectomized  animals  (44)  are  directly  opposed  to  the  theories  of  Ver- 
zar.  This  author,  starting  with  his  observation  that  the  intestinal  absorption  of  the 
foodstuffs  was  diminished  after  adrenalectomy,  had  related  this  defect  to  a  dis¬ 
turbance  of  the  phosphorylating  mechanisms  and  had  assembled  rather  impressive 
evidence  that  the  adrenal  cortex  was  primarily  concerned  with  phosphate  transfer. 

Recent  attempts  to  confirm  his  findings  and  conclusions  have  been  almost  uniform¬ 
ly  unsuccessful  (46,  47). 


DEFICIENCIES  RELIEVED  BY  THE  Cu  STEROIDS 

What,  then,  are  the  primary  functions  of  the  adrenal  cortex  in  respect  to  the 
metabolism  of  the  foodstuffs?  The  answer  appears  in  those  metabolic  disturbances 
the  adrenalectomized  animal  which  persist  despite  the  maintenance  of  a  normal 
sodium  and  potassium  balance.  These  include : 

1.  Hypoglycemic  eject  of  fasting.- Salt-treated  animals  which  appear  perfect  I  v 

=-  sss  &  r~ 
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2.  Reduced  levels  of  tissue  glycogen,  particularly  that  of  liver  glycogen,  during 
fasting. — This  is  due  to  an  inability  to  manufacture  glycogen  from  the  body  stores 
of  non-carbohydrate  precursors  and  accounts  also  for  the  hypoglycemic  effect  of 
fasting  (19,  21,  34,  48). 

3.  Diminished  urinary  nitrogen  excretion  during  fasting. — In  view  of  the  fact 
that  the  protein-fed  adrenalectomized  animal  excretes  normal  amounts  of  nitrogen 
(21,  49),  it  seems  likely  that  the  difficulty  in  the  fasted  adrenalectomized  animal  is 
that  of  mobilization  of  protein  from  the  tissues  and  its  breakdown  to  the  amino 
acid  stage. 

4.  Disturbance  in  fat  mobilization. — Anterior  pituitary  extracts  (50),  phlorhizin 
administration  (51),  or  phosphorus  poisoning  (51)  result  in  the  accumulation  of 
fat  in  the  livers  of  normal  animals  but  fail  to  do  so  in  the  absence  of  the  adrenals. 

5.  Alleviation  of  experimental  diabetes. — The  diminution  of  hyperglycemia,  gly¬ 
cosuria,  and  ketosis  in  depancreatized  and  phlorhizinized  animals  which  lack  the 
adrenal  cortex  is  readily  explained  by  the  disturbances  in  the  mobilization  of  pro¬ 
tein  and  fat  and  the  consequent  dearth  of  raw  materials  for  gluconeogenesis  (19, 


21,  48,  52>  53)- 

6.  Insulin  sensitivity—  This  is  not  due  to  the  lack  of  available  liver  glycogen  to 
combat  hypoglycemia,  for  the  salt-treated  adrenalectomized  animal  with  a  fairly 
normal  hepatic  glycogen  level  still  exhibits  the  sensitivity  (48,  54,  55). 

7.  Muscular  weakness—  This  is  alleviated  by  the  administration  of  carbohy¬ 


drate  (19,  56). 

Treatment  of  fasting  adrenalectomized  animals  with  corticosterone  or  cortin 
(19,  21,  34)  restores  the  normal  blood-sugar  level  and,  in  large  doses,  may  cause 
hyperglycemia  (see  Table  31).  Such  treatment  also  increases  the  liver  glycogen  in 
normal,  as  well  as  in  adrenalectomized,  animals  (19,  21).  The  muscle  glycogen  is 
not  so  readily  affected  either  by  adrenalectomy  or  by  the  administration  of  cor¬ 
tical  extracts.  Recent  work  has  also  confirmed  the  previous  reports  that  the  lack 
of  adrenal  cortical  hormone  diminishes  the  hyperglycemia  and  glycosuria  of  dia¬ 
betes  (21  48  52)  and  that  the  administration  of  active  cortical  hormones  restores 
the  severity  of  the  diabetic  syndrome  (28).  Sprague  et  al.  (57)  have  reported  a  case 
of  a  typical  diabetes  mellitus  in  a  woman  which  disappeared  completely  upon  t  e 

removal  of  an  adrenal  cortical  tumor.  %  .  1 

Wells  (28)  has  reported  that  the  injection  of  phlorhizm  into  salt-treated  a  ren 

ectomized  rats  causes  them  to  excrete  much  smaller  amounts  of  glucose  than .  sim¬ 
ilarly  injected  normal  rats.  Corticosterone  and  17-hydroxy-n-dehydrocortic 
terone  (Compound  E)  increase  the  glucose  excretion  of  the  phlorhizinized  adrena  - 
ectomized  animals  to  that  of  phlorhizin-treated  normal  rats.  The  amorphous  frac¬ 
tion  (cortin)  and  desoxycorticosterone  have  relatively  lesser  efec  s  (see 


32)It  may  therefore  be  concluded  that  the  primary  metabolic  functions  of  the 
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adrenal  cortex  are  concerned  with  hepatic  gluconeogenesis  from  non-carbohydrate 
precursors.  The  observation  of  Corey  and  Britton  (58)  that  cortical  extracts  re¬ 
tard  the  fall  of  glycogen  in  perfused  livers  also  suggests  an  antiglycogenoly tic  ac¬ 
tivity  of  the  adrenal  cortex.  This  may  explain  the  more  marked  effects  of  cortical 
extracts  on  liver  glycogen,  as  compared  to  muscle  glycogen.  It  also  helps  to  dis¬ 
tinguish  the  action  of  these  extracts  from  those  of  the  anterior  hypophysis  (59) 
(see  chap,  xix,  p.  225). 

TABLE  31 


Effects  of  Adrenalectomy  and  of  Cortical  Steroids  on  the  Carbo¬ 
hydrate  Levels  of  Rats  and  Mice  (Long  et  al.  [21]) 


Species 

Condition 

Hormonal 

Therapy 

Blood 
Sugar 
(Mg.  per 
Cent) 

Liver 
Glycogen 
(per  Cent) 

Muscle 
Glycogen 
(Mg.  per 
Cent) 

Rats . 

Normal — fed 

O 

124 

1.78 

590 

Normal — 48-hr.  fast 

0 

80 

0.  23 

5°7 

Normal — 48-hr.  fast 

Cortical  ex- 

I.  64 

536 

tract 

Adrenalectomy — fed 

0 

97 

2.31 

533 

Adrenalectomy — 48-hr.  fast 

0 

3° 

O.  07 

358 

Adrenalectomy — 48-hr.  fast 

Cortical  ex- 

1.78 

411 

tract 

Mice.  .  .  . 

Normal — fed 

0 

2.  84 

435 

Normal — fed 

Cortical  ex- 

9.  20 

1,014 

tract 

Normal — 24-hr.  fast 

0 

0.  35 

228 

Normal — 24-hr.  fast 

Cortical  ex- 

2.99 

223 

tract 

Normal — 24-hr.  fast 

Corticosterone 

1.  89 

Normal — 24-hr.  fast 

Dehydrocorti- 

2.  26 

costerone 

Adrenalectomy — fed 

0 

2.  18 

A  70 

Adrenalectomy — 24-hr.  fast 

0 

0.  04 

*r/y 

I«r8 

Adrenalectomy — 24-hr.  fast 

Cortical  ex- 

2.  37 

182 

tract 

MODE  OF  ACTION  OF  THE  C„  STEROIDS  ON  CARBOHYDRATE  METABOLISM 

From  their  observations  on  the  effect  of  cortical  extract  on  the  R.Q.  of  glucose- 
fed  adrenalectomized  animals,  Long,  Russell,  and  others  (48, 60, 61)  have  supposed 
that  the  adrenal  cortical  hormone  may  depress  carbohydrate  “oxidation.”  This 
condusion  is  subject  to  the  usual  objections  which  apply  to  such  use  of  the  R  Q 
(6.)  Moreover,  Selye  and  Dosne  (63)  have  shown  that,  while  cortical  extract  will 
inhibit  the  fall  in  blood  sugar  of  partially  hepatectomized  rats,  it  fails  to  have  any 
effect  in  completely  liverless  animals  (confirmed  by  Reinecke  [64]).  Concordant 

lid IvkBaf ‘7 ' t\SUff"1"g  fr°m  Addison’s  disease  was  reported  by  McBryde 
Li  1  75  ’  "f10  ound  a  very  significant  increase  in  the  arteriovenous 

blood-sugar  difference  after  treatment  with  cortical  extract  rich  in  the  C„  steroids, 
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despite  the  fact  that  this  treatment  undoubtedly  increases  the  rate  of  circulation. 
It  is  apparent,  therefore,  that  cortical  extract  does  not  inhibit  the  uptake  of  sugar 
b)/  the  peripheral  tissue  but  probably  stimulates  gluconeogenesis  in  the  liver.  It  is 
suSScsfed  that  its  tendency  to  counteract  insulin  hypoglycemia  (54,  55)  is  exerted 
in  a  similar  manner. 

TABLE  32 

Effect  of  Phlorhizin  upon  the  Excretion  of  Dextrose  and  Nitrogen 
by  Rats  under  Varying  Conditions  of  Endocrine  Ablation 
and  Substitution  Therapy* 


Endocrine 

State 


Normal. 


Adrenal  demedulla- 
tion . 


Adrenalectomy . 


Thyroidectomy. 


Adrenalectomy  and 
thyroidectomy. .  . 


Hy  pophysectomy . 


Substitution 

Therapy 


NaCl 

Desoxycorticosterone 

Corticosterone 

Compound  E 

Amorphous  fraction 


Compound  E 
Compound  E+ thyroxin 


Desoxycorticosterone 
Corticosterone 
Compound  E 
Compound  E+thyro- 
trophic  hormone 


Dextrose 
(Mg.  per 
100  Gm. 
per  Day) 


621 

574 

624 

142 

440 

59° 

619 

560 

237 

477 


140 

382 

721 

148 

323 

449 

412 

625 


Nitrogen 
(Mg.  per 
100  Gm. 
per  Day) 


182 

162 


172 

46 

124 

165 

190 

155 

63 

139 


61 

103 

190 

57 

100 

158 

170 

196 


D:  N 


3-  4\ 
3-  5i 

3-6 

3-7 
3-3 
3-6 
3-  3 
3-6 
3-8 

3-4 


2- 3 

3- 7 
3-8 

2. 6 
3-  2 
2.8 
2.4 

3-  2 


Comparative  Excre¬ 
tion  (Per  Cent 
of  Normal) 


Dextrose 


IOO 


104 

24 

74 

98 

98 

40 

80 


23 

64 

121 

25 

54 

75 

69 

105 


Nitrogen 


100 


IOO 

27 

72 

93 

IOO 

37 

81 


35 
60 
1 14 

33 

58 

92 

99 

114 


*  These  data  are  derived  from  the  papers  of  Wells,  Kendall,  and  associates  (28,  29,  49,  7 3,  74)- 


The  probability  that  the  low  carbohydrate  levels  in  the  fasting  adrenalecto- 
mized  animal  are  not  due  to  an  increased  carbohydrate  “oxidation”  is  enhanced  by 
the  demonstration  of  an  impaired  work  performance  of  the  muscles.  Ingle (19)  has 
shown  that  the  work  performance  is  markedly  diminished  in  adrenalectomized 
animals  even  when  they  are  maintained  in  apparently  good  condition  by  a  diet 
high  in  sodium  and  low  in  potassium.  This  effect  is  due  wholly  to  the  loss  of  t  e 
adrenal  cortex,  for  removal  of  the  adrenal  medulla  has  no  influence  (65).  e  po 
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tency  of  various  cortical  steroids  in  restoring  the  ability  of  the  muscles  to  do  work 
is  parallel  with  their  potency  as  regards  carbohydrate  metabolism  (see  T 'able  30). 
Ingle  has  also  shown  that  the  work  performance  is  restored  to  normal  by  the  ad¬ 
ministration  of  glucose  in  the  absence  of  cortical  compounds.  T hese  observations 
would  present  a  curious  anomaly  if  one  were  to  accept  the  conclusions  of  Long  and 
co-workers  as  regards  the  increased  “oxidation’  of  carbohydrate  in  adrenalecto- 
mized  animals  and  its  suppression  by  cortical  hormones.  One  would  have  to  recon¬ 
cile  the  facts  that  both  the  administration  of  cortical  steroids  which  supposedly 
suppress  glucose  “oxidation”  and  the  administration  of  glucose  itself  lead  to  a  res¬ 


toration  of  normal  work  performance. 

The  manner  in  which  the  adrenal  cortex  stimulates  hepatic  gluconeogenesis  is 
by  no  means  clear,  but  evidence  is  forthcoming  that  it  influences  the  mobilization 
and  catabolism  of  both  protein  and  fat.  Nitrogen  excretion  is  decreased  following 
adrenalectomy,  and  the  administration  of  cortical  extracts  restores  the  nitrogen 
output  to  normal.  The  increased  glycosuria  observed  after  the  treatment  of  adre- 
nalectomized  depancreatized  animals  with  cortical  fractions  or  steroids  is  accom¬ 
panied  by  a  corresponding  increase  in  the  urinary  nitrogen.  Wells  et  al.  (28)  have 
demonstrated  similar  effects  with  the  cortical  substances  in  phlorhizinized  adrenal- 
ectomized  rats  (Table  32).  Another  observation  which  is  consistent  with  the  cata¬ 
bolic  effect  of  the  adrenal  cortex  on  protein  metabolism  is  that  of  Fraenkel-Conrat 
et  al.  (66),  who  showed  that  adrenal  cortical  extracts  or  the  adrenotrophic  fraction 


of  the  anterior  pituitary  cause  an  increase  in  the  level  of  liver  arginase,  an  enzyme 
which  is  concerned  in  the  formation  of  urea  from  amino  acids  (67). 

Concerning  the  mobilization  of  fat,  it  had  been  shown  that  the  phospholipids 
and  fatty  acids  of  the  blood  were  decreased  following  adrenalectomy  (68)  and  that 
various  procedures  which  increased  the  fat  content  of  the  liver  in  normal  animals 
usually  failed  to  do  so  in  the  absence  of  the  adrenals  (69).  Barnes  et  al.  (43)  have 
recently  fed  spectroscopically  active  fatty  acids  to  fasting  normal  and  adrenal- 
ectomized  rats.  While  they  were  able  to  identify  the  administered  fat  in  the  livers 
of  their  normal  animals,  this  was  not  the  case  in  the  operated  animals.  The  work 
of  Nelson  et  al.  (70)  gives  an  indirect  indication  of  the  decreased  catabolism  of 
atty  acids  after  adrenalectomy.  They  found  that  the  rate  of  utilization  of  intra¬ 
venously  injected  sodium  0-hydroxybutyrate  was  markedly  reduced  in  adrenal- 
ectonuzed  rats,  as  compared  to  normal  animals.  Since  adrenalectomy  does  not 

ange  the  blood  ketone  level,  it  may  be  inferred  that  the  production  of  ketones 
from  fatty  acids  is  diminished  in  the  absence  of  the  adrenals 

It  should  be  noted  that,  while  the  effect  of  the  adrenal  cortex  on  henatic  riu 
ectomized  animals,  when  fed,  can  maintain  good  carbohydrate  levels^ugge^tsThat 
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the  reduced  carbohydrate  levels  of  fasting  may  result  from  a  disability  in  the  mo¬ 
bilization  of  protein  and  fat  from  the  peripheral  stores. 

Finally,  it  should  be  emphasized  that,  while  the  separation  of  adrenal  cortical 
functions  into  mineral  and  u carbohydrate”  groups  is  a  convenient  point  of  view, 
there  is  a  certain  amount  of  overlapping  of  functions.  Thus,  Anderson  and  Joseph 
(71)  have  shown  that  salt  treatment  has  a  beneficial  effect  upon  the  fasted  adrenal- 
ectomized  rat  both  as  regards  increasing  the  survival  period  during  the  fast  and  in- 


Urine 
Nitrogen 
(Mg.  per  Day) 


Fig  5I  —  Influence  of  salt  treatment  upon  the  nitrogen  excretion  of  the  fasted  adrenalectomized  rat. 
(From  the  data  of  Anderson  and  Joseph  [44,  71)-) 


creasing  the  urinary  nitrogen  excretion.  Figure  51  illustrates  their  results  and  in¬ 
dicates  that  the  maintenance  of  the  mineral  balance  in  adrenalectomized  anima  s 
does  support  gluconeogenesis  to  some  extent.  A  similar  slight  influence  o  sa  t 
treatment  on  work  performance  has  also  been  demonstrated  by  Ingle  11  “  y 
well  be  that,  when  all  the  facts  are  known,  the  two  sets  of  functions  will  be  found  to 
depend  upon  the  same  basic  enzyme  systems  in  the  ceU  and  that  they  will  be  seen 
Jo  differ  only  in  that  each  is  necessary  for  a  different  stage  of  the  reaction  chain. 
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CHAPTER  XV III 


THE  THYROID 


CLINICIANS  have  long  recognized  the  influence  of  hyper-  or  hypothyroid 
states  on  carbohydrate  tolerance  (i,  2)  and  on  coexisting  diabetes  mel- 
litus  in  humans  (3,  28).  In  sheep  Bodansky  (4)  found  that  thyroidectomy 
caused  a  decrease  in  the  blood-sugar  level,  while  thyroxin  administration  raised  it 
in  normal,  as  well  as  in  thyroidectomized,  animals.  However,  since  thyroidectomy 
of  the  normal  or  depancreatized  dog  and  cat  apparently  has  little  influence  on 
their  carbohydrate  tolerance,  many  writers  have  been  led  to  minimize  the  role  of 
the  thyroid  in  this  regard  (5,  6,  7).  It  must  be  pointed  out  that  most  of  these  au¬ 
thors  neglected  to  verify  the  hypothyroid  status  of  their  experimental  animals. 
And  since  Marine  (8)  has  demonstrated  aberrant  thyroid  tissue  in  over  90  per  cent 
of  these  animals,  it  seems  probable  that  the  results  obtained  after  thyroidectomy 
were  invalid  in  most  cases  because  the  animals  did  not  become  really  hypothyroid. 
More  reliable  and  consistent  data  are  available  from  experiments  in  which  thyroid 
hormone  was  administered. 


METABOLIC  EFFECTS  OF  THYROID  HORMONE 

1.  The  blood-sugar  level  in  hypo-  or  hyperthyroid  states  is  influenced  by  the 
effects  of  the  lack  or  excess  of  hormone  upon  the  gastro-intestinal  tract  and  the 
liver.  Althausen  and  his  co-workers  (9,  10)  have  shown  that  the  rate  of  absorption 
of  hexoses  from  the  gut  is  decreased  during  thyroid  deficiency  and  increased  when 
thyroid  hormone  is  present  in  excess.1  These  effects  are  specific  and  not  merely 
secondary  to  the  changes  in  metabolic  rate,  for  even  large  increases  in  the  latter, 
caused  by  dinitrophenol  administration,  have  no  influence  on  the  absorption  of 
carbohydrate.  The  influence  of  the  thyroid  on  the  rate  of  absorption  of  sugar  is  re¬ 
flected  in  the  rise  and  fall  of  the  blood-sugar  level  which  follows  the  ingestion  of  a 
carbohydrate  meal  or  the  oral  administration  of  sugar  solution  for  testing  pur¬ 
poses.  In  hyperthyroidism  the  oral  dextrose-tolerance  curve  (cf.  chap,  xxi,  p.  248) 
tends  to  be  “diabetic”  in  nature;  in  hypothyroidism  it  tends  to  be  flat..  The  ab¬ 
normalities  are  not  seen  when  the  factor  of  intestinal  absorption  is  eliminated  by 

administering  the  dextrose  intravenously.  . 

In  the  post-absorptive  state,  when  the  blood  sugar  is  being  supplied  by  the  liver, 
the  susceptibility  of  the  latter  to  glycogenolytic  agents  or  influences  has  a  bearing 

*  This  effect  of  thyroid  is  not  limited  to  the  intestinal  mucosa  but  applies  also  to  other  epithelial  struc¬ 
tures,  e.g.,  kidney  tubules  (29). 
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on  the  blood-sugar  level.  As  judged  by  the  results  of  epinephrin  administratimi, 
the  glycogen  in  the  liver  of  the  hyperthyroid  organism  is  more  readily  broken  dow 
than  that  in  the  normal  liver.  The  actual  outcome  of  this  state  of  affairs  is,  of 
course,  dependent  upon  the  amount  of  hepatic  glycogen  present ;  and  this  may  lead 
to  apparently  anomalous  results.  Thus,  Abbott  and  Van  Buskirk  (i  i)  have  shown 
that,  while  the  induction  of  mild  hyperthyroidism  leads  to  an  exaggerated  hyper- 
glycemic  response  to  epinephrin,  severe  hyperthyroidism,  which  depletes  the  he¬ 
patic  glycogen  stores,  may  lead  either  to  no  hyperglycemic  response  or  even  to 

hypoglycemia. 

2.  The  glycogen  content  of  tissues  other  than  the  liver  is  also  affected  by  abnormal 
thyroid  states.  While  lesser  degrees  of  hyperthyroidism  have  little  effect  on  muscle 
glycogen,  Dambrosi  has  shown  that  the  administration  of  large  amounts  of  thy- 


TABLE  33 


Relation  of  Vitamin-B  Complex  Supply  to  the  Effect  of  Thyroid  Extract 
on  Body  Weight,  Liver  Weight,  and  Liver-Glycogen 
Content  (Drill  et  al.  [13]) 


Experimental 

Conditions 


Control  group:  diet+200  mg. 

yeast . 

Diet:  200  mg.  yeast +100  mg. 

thyroid . 

Diet:  200  mg.  yeast,  100  mg.  thy¬ 
roid,  and  1  gm.  yeast  concen¬ 
trate  . 


Body  Weight 

Liver 

Total 

Liver 

Glycogen 

(Mg.) 

Initial 

(Gm.) 

Final 

(Gm.) 

Weight 

(Gm.) 

Glycogen 
(per  Cent) 

Remarks 

215 

239 

3-  5 

2- 51 

86.  2 

Rats  of  the  same 
strain  were 

209 

161 

3-9 

0.  34 

13.  2 

used  for  this 
work.  Experi- 

199 

208 

5-3 

2.  20 

116.  1 

mental  period: 
47  days 

roid  hormone  definitely  interferes  with  the  rate  of  recovery  of  glycogen  in  exer¬ 
cised  muscle  (12).  Hyperthyroidism  also  depletes  the  glycogen  of  cardiac  muscle. 
There  is  some  parallelism  between  the  decreased  carbohydrate  stores  and  the  in¬ 
creased  excretion  of  creatine  in  the  urine.  These  effects  of  the  thyroid  hormone  are 
not  simple  in  their  mechanism,  for  a  lack  of  the  hormone  does  not  produce  the  op¬ 
posite  results.  Hypothyroidism  is  characterized  only  by  a  moderate  decrease  in 
the  glycogen  content  of  all  tissues. 

It  has  become  evident  recently  that  the  amount  of  available  vitamin-B  complex 
has  a  bearing  upon  the  manifestations  of  hyperthyroidism  (30) — so  much  so  in¬ 
deed,  that  it  will  require  further  work,  in  which  the  experimental  animals  or  sub¬ 
jects  are  g.ven  ample  supplies  of  vitamin-B  complex,  to  demonstrate  the  pure  syn¬ 
drome  of  hyperthyroidism  uncomplicated  by  lack  of  the  vitamin.  A  glimpse  of  the 
true. picture  has  been  provided  in  the  work  of  Drill  and  his  co-workers  (13),  sum- 
anze  in  a  e  33.  t  may  be  seen  that  an  amount  of  yeast  concentrate  approxi- 
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mately  six  times  the  maintenance  dose  for  normal  animals  completely  counter¬ 
acted  the  glycogen-depleting  effect  of  a  dose  of  thyroid  which  caused  very  signifi¬ 
cant  loss  of  glycogen  in  unprotected  animals.  It  is  also  important  to  note  that  the 
extra  yeast  prevented  loss  in  body  weight  and  led  to  an  actual  increase  in  liver 
weight  (13,  14). 

3-  The  increased  protein  catabolism  and  nitrogen  excretion  accompanying  hyper¬ 
thyroidism  or  following  the  administration  of  thyroid  substances  has  long  been 
recognized.  The  aggravation  of  clinical  diabetes  mellitus  by  hyperthyroidism  and 
its  amelioration  in  hypothyroid  states  have  linked  the  thyroid  activity  on  protein 
breakdown  with  gluconeogenesis  from  protein.  Sternheimer  (15)  has  now  shown 
that  the  so-called  “latent  period”  between  the  injection  of  thyroxin  and  the  first 
rise  in  oxygen  consumption  is  not  a  period  of  inactivity.  Within  6  hours  after  the 
injection  of  a  single  dose  of  thyroxin  into  rats,  he  found  a  loss  of  liver  glycogen  and 
the  beginning  of  a  rise  in  liver  protein.  These  changes  became  more  marked  up  to 
about  the  forty-eighth  hour  and  then  showed  a  reversal  in  direction.  By  the  eighty- 
fourth  hour  the  liver  glycogen  reached  a  peak  well  above  the  original  control  level, 
while  the  total  nitrogen  of  the  liver,  though  falling,  was  still  above  the  original 
figures.  These  and  other  observations  indicated  that  thyroxin  first  causes  a  mobili¬ 
zation  of  protein  from  the  peripheral  tissues,  and  also  a  proliferation  of  the  liver 
cells,  which  may  be  partly  at  the  expense  of  the  initial  glycogen  stores.  Subsequent¬ 
ly,  there  is  a  new  formation  of  carbohydrate  from  protein.  Gluconeogenesis  from 
protein  has  also  been  observed  by  Wells  et  al.  (16, 17, 18)  in  phlorhizinized  normal, 
adrenalectomized,  and  hypophysectomized  rats  which  were  treated  with  thyroxin 
or  thyrotrophic  hormone  (Table  36,  p.  229). 

4.  In  view  of  the  evidence  that  thyroid  hormone  stimulates  gluconeogenesis,  it 
is  difficult  to  understand  the  relatively  minor  or  negative  results  as  regards  carbo¬ 


hydrate  tolerance  which  have  been  obtained  either  by  thyroidectomy  of  depan- 
creatized  animals  or  by  the  administration  of  thyroid  substance  to  such  animals. 
In  1938  Dohan  and  Lukens  (19)  reinvestigated  the  effect  of  thyroidectomy  upon 
pancreatic  diabetes  in  the  cat.  The  small,  though  significant,  influence  which  they 
observed,  as  compared  to  the  marked  effects  of  hypophysectomy,  led  them  to  con¬ 
clude  that  the  secondary  atrophy  of  the  thyroid  gland  has  little  to  do  with  the  pro¬ 
found  modification  of  diabetes  which  follows  removal  of  the  hypophysis  from  the 
depancreatized  animal.  However,  Soskin  et  al.  (20)  later  demonstrated  that  the 
administration  of  thyroxin  to  hypophysectomized  dogs  maintained  a  normal  blood 
sugar  level  through  long  periods  of  fasting  and  increased  their  urinary  nitrogen  ex¬ 
cretion  to  that  of  fasting  normal  dogs  (Figs.  52  and  53)-  It  »  obvious,  therefore 
that  the  secondary  atrophy  of  the  thyroid  gland  probably  plays  an  important  part 
in  the  decreased  endogenous  protein  catabolism  and  in  the  relate  car  0  y  ra  e 
disturbance  of  the  hypophysectomized  animal  (see  chap,  xix,  p.  229). 

The  deficiency  in  the  hypophysectomized  animal  which  is  counteracted  by  th 
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thyroid  hormone  does  not  involve  the  breakdown  and  transformation  of  amino 
acids  to  sugar,  for  ingested  protein  which  enters  the  blood  stream  as  amino  acids 
is  readily  converted  (chap,  xix,  p.  229).  The  difficulty  encountered  by  the  hypoph- 
ysectomized  animal  during  fasting  must,  therefore,  lie  in  the  mobilization  and 
breakdown  of  the  body  protein  to  amino  acids.  It  is  on  this  portion  of  nitrogen 
catabolism  that  the  thyroid  hormone  exerts  its  influence.  This  localization  of  the 
thyroid  hormone  effect  is  supported  by  certain  data  obtained  in  phlorhizin  experi¬ 
ments.  Lusk  and  his  co-workers  (21,22)  showed  that  fasting  thyroidectomizcd  ani¬ 
mals  excreted  much  less  sugar  and  nitrogen  under  the  influence  of  phlorhizin  than 


Fig-  52-  Maintenance  by  thyroxine  of  a  normal  blood-sugar  level  in  a  fasting  hypophysectomized 
dog  The  upper  and  lower  broken  lines,  respectively,  indicate  the  maximum  and  minimum  blood-sugar 
levels  for  each  day.  The  heavy,  continuous  line  indicates  the  mean  value  for  all  the  blood-sugar  estima¬ 
tions  (at  least  three  per  day)  made  on  each  day.  (Soskin  et  al.  [20].) 


did  similarly  treated  normal  animals.  There  was  no  difference  between  the  two 
types  of  animals  when  they  were  fed  protein.  Here,  again,  the  deficiency  arising 

from  the  absence  of  the  thyroid  was  apparently  in  the  mobilization  and  breakdown 
of  body  protein  to  amino  acids. 


The  questron  then  arises  as  to  why  Dohan  and  Lukens,  as  well  as  previous  in¬ 
vestigators  were  not  able  to  demonstrate  the  role  of  the  thyroid  in  depancreatized 
ammaklndeed,  they  have  recently  reported  on  the  subject  again  (23),  this  time 

cLnuf  ,Parially,dePanCreatiZed  CatS  given  thyroid  extract  in  doses  suffi¬ 

cient  to  produce  tachycardia  and  loss  of  weight  did  not  exhibit  any  increase  in  <riy- 


2l6 


CARBOHYDRATE  METABOLISM 


cosuria.  Anterior  pituitary  extract  readily  increased  the  sugar  excretion  in  the 
same  animals.  We  had  obtained  similar  (unpublished)  results  in  our  laboratory, 
not  only  in  depancreatized  dogs,  but  also  in  depancreatized  hypophysectomized 
(Houssay)  animals.  One  might  speculate  that  the  thyroid  influences  gluconeogene- 
sis  from  protein  in  the  liver  by  inhibiting  the  previously  mentioned  anabolic  action 
of  insulin  on  protein  metabolism.  If  this  were  so,  thyroid  hormone  might  be  expect¬ 
ed  to  have  little  effect  in  the  absence  of  the  pancreas.  But  such  an  action  of  the 
thyroid  would  be  difficult  to  reconcile  with  the  report  of  Johnston  and  Maroney 


Fig>  s,  _ Influence  of  thyroxine  on  the  total  urinary  nitrogen  excretion  of  hypophysectomized  dogs. 
The  broken  lines  are  taken  from  the  figure  published  by  Braier  (28), comparing  fasting  hypophysectomize 
dogs  {solid  squares)  with  fasting  normal  dogs  (hollow  circles).  The  heavy  continuous  lines  represent  the 
results  of  Soskin,  Levine,  and  Heller  (20)  on  fasting  hypophysectomized  dogs  {solid  as  comp  r 

to  thyroxine-treated  fasting  hypophysectomized  dogs  {hollow  circles)  Alter  the  first  three  days  ol f  tre  - 
ment  with  thyroxine  the  nitrogen  excretion  of  the  hypophysectomized  dogs  closely  approximates  that  0 

normal  dogs. 

(24)  that  small  amounts  of  thyroid  are  anabolic  in  effect,  as  judged  by  the  positive 
nitrogen  balances  obtained  in  growing  children.  It  would  also  be  out  of  accor 
with  the  evidence  that  the  growth  hormone  of  the  anterior  pituitary  gland  is  more 
effective  in  the  presence  of  the  thyroid  gland  than  in  its  absence  and  that  still 
greater  growth  can  be  obtained  when  thyroxin  is  administered  along  with  the 
growth  hormone  (25).  At  the  present  time,  a  more  likely  possibility  as  regards 
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difficulty  of  demonstrating  the  gluconeogenetic  effect  of  the  thyroid  hormone  in 
the  absence  of  the  pancreas  is  that  the  depancreatized  animal  given  thyroid  hor¬ 
mone  may  become  deficient  in  the  vitamin-B  complex.  This,  as  was  indicated  in 
the  previous  section,  might  prevent  the  thyroid  hormone  from  producing  its  char- 


acteristic  effects. 

It  should  be  noted  that  intensive  and  long-continued  treatment  with  thyroid 
extract  can  influence  the  severity  of  the  diabetic  syndrome  by  damaging  the  islets 
of  Langerhans  (see  chap,  xx,  p.  242,  “Metathyroid  Diabetes”). 


Dextrose 

Utilization 


(Mg/Kg/Hr) 


600 


500  - 


400  ■ 


300* 


200  * 


■  I 

200  400 

Blood-sugar  level  (mg.  per  cent) 


T- 

600 


„  F,"  t34-T'lC.br0kCn  curv<! 1 represents  the  utilization  of  dextrose  by  normal  dogs  (see  chap  xiv  n 
of  thyToxine  rePrKent  UtUiZati0rl  by  d°gS  rendered  ^thyroid  by  the  administration 

5.  There  is  an  abnormally  rapid  rate  of  carbohydrate  utilization  by  the  peripheral 
tissues  of  hyperthyroid  animals,  coincident  with  the  increased  amounts  of  glucose 
entering  the  blood  from  the  gastro-intestinal  tract  and  from  the  liver.  When  thy¬ 
roxin-treated  dogs  are  hepatectomized,  the  rate  of  fall  of  the  blood-sugar  level  is 
much  greater  than  in  hepatectomized  untreated  animals  (26).  Figure  S4  compares 
e  actual  utilization  of  carbohydrate  of  normal  and  thyroid-treated  dogs  as  de- 
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termined  by  chemical-balance  experiments  in  abdominally  eviscerated  animals 
vaccording  to  the  method  described  in  chap,  xiv,  p.  149). 

The  evidence  for  increased  carbohydrate  utilization  under  the  influence  of  thy¬ 
roid  hormone,  as  demonstrated  on  isolated  tissues  in  vitro ,  has  been  extensively 
reviewed  by  McEachern  (27).  Such  tissues  exhibit  an  increased  oxygen  consump¬ 
tion,  an  increased  rate  of  glycolysis,  and  an  increased  capacity  for  the  oxidation  of 
lactate,  pyruvate,  and  succinate. 
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CHAPTER  XIX 


THE  ANTERIOR  PITUITARY 


THE  relationship  between  the  pituitary  gland  and  carbohydrate  metabo¬ 
lism — diabetes  in  particular — has  been  known  clinically  for  a  very  long 
time.  As  early  as  1908  Borchardt  (1)  recognized  the  large  incidence  of 
diabetes  in  acromegalic  patients.  American  clinicians  Goetsch,  Cushing,  and  Ja¬ 
cobson  (2,  3,  4)  wrote  on  this  subject  in  1910,  and  the  relationship  continues  to  be 
the  subject  of  clinical  writing  to  the  present  time.  It  seems  certain  that,  whereas 
the  incidence  of  diabetes  in  the  general  population  is  about  one-half  of  1  per  cent, 
it  occurs  among  acromegalic  patients  in  about  2  5-40  per  cent  of  cases.  Conversely, 
in  hypopituitarism  or  Simmond’s  disease,  hypoglycemia  is  often  a  feature;  while 
Cushing’s  syndrome,  with  basophilic  adenoma  of  the  pituitary,  is  often  character¬ 
ized  by  hyperglycemia. 

The  significance  of  these  clinical  observations  has  now  been  indicated  by  the 
work  of  physiologists.  Curiously  enough,  the  earliest  work  in  this  direction  was 
rather  misleading,  as,  for  example,  when  it  was  found  that  an  extract  of  the  poste¬ 
rior  lobe  of  the  pituitary  gland  caused  a  rise  in  blood-sugar  level  as  well  as  in  the 
blood  pressure.  More  recently,  however,  the  blood-sugar-raising  properties  of  ex¬ 
tracts  of  the  posterior  pituitary  gland  (Pituitrin)  have  been  regarded  as  being  of 
greater  pharmacological  than  of  physiological  importance.  The  remarkable  work 
of  the  South  American  physiologist  Houssay  and  of  subsequent  workers  all  over 
the  world  has  shown  that  it  is  the  anterior  lobe  of  the  hypophysis  which  is  impor¬ 
tant  in  regard  to  carbohydrate  metabolism. 

This  relationship  was  shown  by  the  two  chief  methods  which  are  the  basic  proce¬ 
dures  of  endocrinologic  investigation,  namely,  the  removal  of  the  gland,  on  the 
one  hand,  and  the  administration  of  extracts  of  the  gland,  on  the  other.  The  effects 
of  the  removal  of  the  anterior  lobe  of  the  pituitary  gland  were  first  shown  by  Hous¬ 
say  on  toads.  The  work  was  later  repeated  and  amplified  on  dogs,  and  finally  most 
of  the  effects  have  been  adequately  illustrated  by  Nature’s  own  experiments  on 


human  beings.  ,  .  .  • 

The  effects  of  removal  of  the  anterior  lobe  of  the  hypophysis  in  experiment^ 

animals  or  of  the  destruction  of  the  gland  by  disease  in  human  beings  are  as  fol- 

l07  Trophic  effects. — The  removal  of  the  pituitary  is  followed  by  an  atrophy  and 
decreased  function  of  the  thyroid  gland  (5,  6),  of  the  adrenal  cortex  (7,  8),  and  of 
the  gonads  (9,  to),  whether  male  or  female.  For  this  reason  the  pituitary  has  often 
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been  referred  to  as  “the  master-gland”  of  the  body.  However,  the  removal  of  the 
thyroid  or  the  adrenal  cortex  or  the  gonads  is  followed  by  histological  changes  in 
the  pituitary  (n).  These  changes  have  been  variously  interpreted,  and  it  is  still 
not  quite  certain  what  they  mean  from  a  functional  standpoint.  But  there  can  be 
no  doubt  that  the  removal  of  these  other  glands  does  affect  the  structure  and  func¬ 
tion  of  the  pituitary.  This  is  also  true  of  the  administration  of  the  hormones  or  ex¬ 
tracts  of  the  other  glands.  Thus,  it  is  clear  that,  while  the  pituitary  may  be  more 
generally  important  than  some  of  the  other  glands,  it  is  not  merely  because  it 
dominates  them.  It  appears  rather  to  co-ordinate  the  functions  of  the  other  glands, 
so  that  one  might  call  it  “the  executive  secretary”  of  the  endocrine  system  rather 
than  the  master-gland. 

2.  A  lowering  of  the  blood-sugar  level. — The  blood  sugar  of  the  hypophysecto- 
mized  animal  under  conditions  of  adequate  nutrition  is  about  20-30  mg.  per  cent 
lower  than  the  blood  sugar  of  the  normal  dog  (12,  13,  14). 

3.  The  hypoglycemic  effect  of  fasting. — A  normal  animal  or  human  being  may  be 
fasted  indefinitely  with  little  or  no  effect  on  the  blood-sugar  level.  As  a  matter  of 
fact,  there  may  be  no  significant  effect  until  a  relatively  short  time  before  death 
from  starvation,  when  the  blood  sugar  may  fall  precipitously.  However,  in  the  ab¬ 
sence  of  the  hypophysis,  fasting  is  accompanied  by  rapid  development  of  hypo¬ 
glycemia,  so  that  the  animal  may  die  within  a  relatively  short  time  in  hypogly¬ 
cemic  convulsions  (13,  15,  16,  17). 

4.  A  decreased  urine  nitrogen  excretion  (18,  19,  20). — This  is  due  in  part  to  a  de¬ 
creased  breakdown  of  body  protein  resulting  from  the  secondary  thyroid  atrophy 
(see  chap,  xviii,  p.  214).  The  atrophy  of  the  adrenal  cortex  may  also  be  partly  re¬ 
sponsible  (see  chap,  xvii,  p.  204). 

5-  A  decrease  in  the  total  metabolism  of  the  body. — This  is  probably  accounted  for 
by  the  depression  of  thyroid  activity,  although  other  factors  may  be  involved. 
The  other  factors  may  be  the  adrenal  cortical  atrophy  and  the  loss  of  weight 
brought  about  by  the  marked  anorexia,  which  is  a  prominent  clinical  feature  of 
pituitary  insufficiency  (18,  21,  22). 

6.  An  increased  sensitivity  to  insulin.— A  small  amount  of  insulin  which  would 
produce  no  noticeable  effect  on  a  normal  animal  will,  after  the  removal  of  the 
hypophysis,  cause  prolonged  and  even  fatal  hypoglycemia  (12,  23,  24). 

7-  A  decrease  in  the  potassium  content  of  the  blood  serum  (ir\c\ 


yseciomized  animals  has  been  shown  to 


ntenor  lobe  of  the  pituitary  into  hypoph- 
prevent  or  reverse  the  consequences  of 
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the  removal  of  the  gland.  Normal  animals  receiving  pituitary  extracts  exhibit  a 
hypertrophy  and  hyperfunction  of  the  other  endocrine  glands  (8,  io,  30).  Depend¬ 
ing  upon  the  conditions,  there  may  be  concomitant  gain  in  weight  or  increased 
rate  of  growth ;  or  hyperglycemia,  glycosuria,  and  ketosis  may  develop  (31,  32,  33). 
Under  circumstances  in  which  there  is  hyperglycemia  and  glycosuria,  there  is  also 
an  increased  excretion  of  nitrogen  (31,  33).  Where  gain  in  weight  or  an  increased 
rate  of  growth  is  a  major  consequence,  there  may  be  a  retention  of  nitrogen 

(31,  32). 


EXTRACTS  OF  THE  ANTERIOR  PITUITARY 


The  multiplicity  of  effects  resulting  from  the  removal  of  the  gland  or  the  ad¬ 
ministration  of  extracts  led  to  many  attempts  to  refine  anterior  pituitary  prepara¬ 
tions  in  such  a  way  as  to  obtain  products  with  a  single  or  specific  activity.  Depend¬ 
ing  upon  the  method  of  extraction  or  purification  and  upon  the  test  animal  and 
experimental  conditions  employed,  a  large  number  of  different  anterior  pituitary 
factors  have  been  claimed.  Collip  (34)  has  recently  listed  these  as  follows: “growth 
stimulating,  thyrotropic,  gonadotropic,  corticotropic,  lactogenic,  diabetogenic, 
ketogenic,  liver-fat  increasing,  R.Q.  lowering,  blood-lipid  increasing,  oxygen-con¬ 


sumption  increasing,  anti-insulin,  anti-epinephrin,  glycotropic,  glycostatic,  and 
chromatophore  expanding  actions.” 

There  are  few  who  believe  that  these  numerous  effects  obtained  under  different 
conditions  of  experimentation  indicate  that  there  are  as  many  separate  hormones 
secreted  by  the  anterior  hypophysis.  Collip  suggests  that  as  few  as  two  or  three 
separate  hormone  proteins  may  account  for  all  the  functional  activity.  The  dosage 
may  play  a  role,  since,  for  example,  the  growth  hormone  in  small  doses  has  only 
growth  effects,  while  in  larger  doses  it  also  exerts  some  corticotrophic  and  lacto¬ 
genic  action.  Species  differences  in  the  test  animals  may  also  be  a  factor.  Anterior 
pituitary  extract  causes  a  permanent  diabetes  in  dogs  but  fails  to  do  so  in  rats  (35). 
There  is  also  the  probability  that  a  number  of  functions  listed  by  Collip  are  actual¬ 
ly  duplications  of  other  effects.  Thus,  Jensen  and  Grattan  (23)  have  reported  that 
the  anti-insulin  effect  of  anterior  pituitary  extracts  is  due  to  the  adrenotrophic 
fraction  They  found  that  the  administration  of  adrenotrophic  extract,  adrena 
cortical  extract,  and  corticosterone  to  mice  resulted  in  a  significant  resistance  to 
the  action  of  insulin,  while  the  injection  of  thyrotrophic  extract,  prolactin  follicle- 
stimulating  hormone,  and  thyroxin  were  without  effect.  Similarly,  it  as  een 
found  that  the  diminished  absorption  of  glucose  by  the  intestinal  traet  after  y 
pophysectomy  is  probably  due  to  a  lack  of  the  thyrotrophic  hormone,  for  it  may 

be  corrected  by  treatment  with  thyroid  hormone  (36). 

There  are  also  complications  of  another  sort  in  judging  the  demonstrate  of  a 
hormone  action  when  extracts  are  given  or  a  gland  is  removed.  These  complica¬ 
tions  have  to  do  with  the  more  or  less  incidental  reactions  of  the  entire  organism 
cer t li^ non-essen  tial  materials  contained  in  the  injected  gland  extracts  or  to  cer- 


2  23 


THE  ANTERIOR  PITUITARY 


tain  secondary  reactions  of  the  organism  to  the  condition  promoted  by  the  injec¬ 
tion  of  a  hormone  or  the  removal  of  a  gland.  Thus,  Dohan  and  Lukens  (37)  have 
reported  that  the  chronic  administration  of  anterior  pituitary  extract  to  depan- 
creatized  dogs  at  first  increased  and  then  decreased  the  severity  of  the  diabetic 
syndrome.  The  serum  of  dogs  treated  for  10  months  with  anterior  pituitary  ex¬ 
tract,  when  injected  into  depancreatized  animals,  reduced  their  glycosuria  and 
urinary  nitrogen  excretion.  These  results  may  be  likened  to  the  anti-hormone 
effects  previously  obtained  with  the  gonadotrophic  fractions  of  anterior  pituitary 
extract  and,  like  them,  are  probably  due  to  non-specific  antibodies  formed  in  re¬ 
sponse  to  the  proteins  contained  in  the  injected  extract. 

The  decreased  food  intake  which  leads  to  marked  undernutrition  following 
hypophysectomy  may  also  be  responsible  for  some  of  the  results  usually  attributed 
specifically  to  the  lack  of  the  pituitary  hormones.  Mulinos  and  Pomerantz  (38) 
studied  the  effects  in  rats  of  complete  inanition  during  starvation  and  of  chronic 
undernutrition  resulting  from  an  allowance  of  approximately  half  the  normal  food 
intake.  They  found  that  the  loss  of  weight  and  the  histological  changes  in  the  endo¬ 
crine  glands  resembled  those  following  hypophysectomy.  The  authors  concluded 
that  inanition  affected  the  anterior  hypophysis  in  such  a  manner  as  to  reduce  its 
secretion  of  the  trophic  hormones.  It  would  be  interesting  to  know  whether  all 
their  results  would  or  would  not  have  been  prevented  by  the  injection  of  anterior 
pituitary  extracts  into  their  chronically  undernourished  animals.  Levin  (39)  has 
recently  shown  that  the  decrease  in  weight  of  the  viscera,  which  follows  hypophy¬ 
sectomy,  can  be  completely  prevented  by  force-feeding  the  animals  to  the  level  of 
normal  food  intake.  Since  such  treatment,  however,  does  not  restore  the  weights 

of  the  endocrine  glands,  their  atrophy  is  linked  directly  to  the  loss  of  the  trophic 
hormones. 


In  view  of  the  attendant  difficulties,  it  is  not  surprising  that  the  results  of  at¬ 
tempts  at  the  separation  and  purification  of  the  various  fractions  of  anterior  pitui¬ 
tary  extracts  continue  to  be  difficult  to  harmonize  and  continue  to  disclose  hitherto 
unsuspected  effects.  Bergman  et  al.  (40)  believe  they  have  separated  four  entities 
from  anterior  pituitary  extracts-namely,  lactogenic,  thyrotrophic,  gonadotroph¬ 
ic,  and  the  carbohydrate-metabolism  factor.  Meamber  et  al.  (41)  have  reported 
that  precipitation  with  cysteme  enabled  them  to  separate  the  lactogenic  and  thy¬ 
rotrophic  effects  from  growth  fractions  of  anterior  pituitary  extract,  this  procedure 
resulting  in  the  preparation  of  almost  pure  growth  hormone.  Greaves  and  his  co- 

T  lh77"r' »'  *  d»M.gJc 

extracted  at  pH  i.  It  was  non-dialyzable  and  was  destroyed  by  a  temperature  of 

“  „cd  ”,  'Es„“  [H  ™“sr„d' 

lowered  the  R.Q.  It  was  rich  the  growth  factor  but  exhibited  little  prolactin  ac- 
Teague  (43)  has  reinvestigated  the  association  of  the  melanophore  hormone 
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with  the  “specific  metabolic  principle  of  the  pituitary”  previously  reported  by 
Collip  and  his  co-workers  (34,  44,  45).  According  to  Teague,  preparations  of  the 
pituitary  gland  rich  in  melanophore  hormone,  obtained  from  various  sources  and 
prepared  by  different  methods,  varied  considerably  in  their  effect  on  oxygen  con¬ 
sumption  in  rats.  The  melanophore  activity  of  extracts  could  be  selectively  de¬ 
stroyed  without  removing  the  metabolic  effects.  It  was  concluded  that  the  melano¬ 
phore  hormone  was  not  identical  with  a  substance  in  the  pituitary  extracts  which 
would  increase  the  metabolic  rate.  It  was  further  pointed  out  that  the  results  did 
not  support  the  existence  of  a  specific  metabolic  principle  of  the  hypophysis,  since 
it  was  found,  in  the  course  of  the  work,  that  metabolic  stimulation  was  produced 
by  a  pituitary  extract  after  treatment  with  acid  and  after  tryptic  digestion,  and 
since  such  metabolic  responses  were  occasionally  obtained  with  extracts  of  muscle, 
liver,  and  kidney.  Collip  (34,  45)  has  also  reported  the  action  of  a  pituitary  ex¬ 
tract  which  stimulates  the  “dark”  cells  of  the  adrenal  medulla  without  affecting 
the  chromaffin  tissue.  The  extract  is  active  when  administered  by  mouth.  The  sig¬ 
nificance  of  this  action  must  await  enlightenment  as  to  the  function  of  the  “dark” 
cells.  Finally,  Houchin  (46)  has  been  able  to  decrease  the  alkali-soluble  protein 
components  of  the  liver  with  anterior  pituitary  extract  fractions  and  has  suggested 
the  existence  of  a  protein  metabolism  hormone  which  is  distinct  from  the  lacto¬ 
genic,  thyrotrophic,  carbohydrate-metabolism,  fat-metabolism,  and  gonadotroph¬ 


ic  hormones. 

Probably  the  best  isolation  of  purified  anterior  pituitary  hormones  from  the 
standpoint  of  methodology  and  their  most  accurate  characterization  from  the 
biological  standpoint  are  to  be  found  in  the  work  of  Fraenkel-Conrat  et  al.  (47) 
in  the  laboratories  of  H.  M.  Evans  and  in  the  work  of  White  and  his  co-workers 
(48).  The  identity  and  the  physiological  actions  of  those  purified  materials  which 
affect  carbohydrate  metabolism  are  indicated  in  Table  34.  It  will  be  noted  that 
practically  all  the  known  metabolic  effects  of  crude  extracts  of  anterior  pituitary 
are  accounted  for,  except  the  ketogenic.  There  is,  at  present,  no  way  of  rationaliz¬ 
ing  the  distribution  of  the  various  effects  among  the  different  hormonal  entities, 
nor  is  it  possible  to  say  whether  or  not  some  of  the  effects  obtained  with  the  growt 
and  lactogenic  hormones  are  mediated  by  one  or  more  of  the  endocrine  glands. 
Furthermore,  the  separation  of  practically  pure  entities  still  does  not  preclude  the 
possibility  that  they  are  fragments  of  a  single  complex  original  hormone.  It  is  ob¬ 
vious  that  much  work  remains  to  be  done  in  this  field. 


THE  INFLUENCE  OF  THE  ANTERIOR  PITUITARY  AS  A  WHOLE 
ON  VARIOUS  ASPECTS  OF  CARBOHYDRATE  METABOLISM 

The  well-fed  hypophysectomized  animal  maintains  a  significantly  lower  blood- 
sugar  level  than  the  normal  animal.  This  is  due  to  the  influence  of  the  hypophysrs 
on  the  threshold  of  the  homeostatic  mechanism  for  the  regulation  o 
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sugar  level,  as  will  be  discussed  later  (chap,  xxi,  p.  255).  The  profound  influence  of 
the  anterior  pituitary  on  the  carbohydrate  levels  of  blood  and  tissues  is  most  clear¬ 
ly  demonstrated  by  observing  the  effects  of  fasting.  When  food  is  withheld  from 
the  hypophysectomized  organism,  there  occurs  a  progressive  drop  in  the  blood- 
sugar  level,  terminating  in  hypoglycemic  convulsions  and  death  (12,  13).  The  gly¬ 
cogen  content  of  the  tissues  is  decreased,  particularly  that  of  the  liver  (12,  49,  5°)* 
This  occurs  even  when  the  pancreas  and  the  hypophysis  are  both  removed  (12, 
13) ;  and  the  effect  of  fasting  is  exaggerated  by  the  administration  of  phlorhizin 

(12,  15)- 

TABLE  34 


Metabolic  Actions  of  Purified  Anterior  Pituitary  Hormones 


Hormone 

Actions 

Remarks 

References 

Growth  (GH) . 

1.  Nitrogen  retention  (in  presence  of 
adequate  insulin) 

2.  Increase  in  glycosuria  of  partial¬ 
ly  depancreatized  animals 

3.  Increase  of  muscle  glycogen 

4.  Decrease  of  insulin  in  pancreas 

5.  Increase  of  insulin  in  blood 

6.  Decrease  in  liver  arginase 

GH  and  ACTH  op¬ 
pose  each  other  as 
far  as  growth  is 
concerned;  GH 
and  TH  act  syn- 
ergistically 

(33,  47,  74- 
76,  77) 

Adrenotrophic  (ACTH) .  . . 

1.  Increase  in  nitrogen  excretion 

2.  Increase  in  liver  arginase 

3.  Inhibition  of  insulin  action 

4.  Increase  in  liver  glycogen 

Via  adrenal  cortex 

(47,  48,  74) 

Thyrotrophic  (TH) . 

x.  Increase  in  liver  weight 

2.  Increase  in  basal  metabolic  rate 

3.  Increase  in  nitrogen  excretion 

4.  Decrease  in  tissue  NPN 

Nos.  1,  2,  and  3  via 
thyroid 

(47,  77) 

Lactogenic  (LH) . 

1 .  Increase  of  insulin  in  pancreas 

2.  Decrease  of  insulin  in  blood 

(74) 

These  effects  of  fasting  might  be  interpreted  in  one  of  two  ways:  either  (i)  the 
anterior  pituitary  exerts  an  inhibitory  influence  on  carbohydrate  utilization  by  the 
tissues  and  hence  hypophysectomy  is  followed  by  an  excessive  rate  of  utilization 
With  which  the  capacity  of  the  liver  for  gluconeogenesis  cannot  keep  pace;  or  (2 
the  gland  exerts  its  primary  influence  on  gluconeogenetic  processes  in  the  liver 
an  ence  its  removal  leads  to  a  reduced  rate  of  sugar  formation  from  non-carbo- 
hydrate  precursors,  such  that  the  amounts  of  sugar  necessary  even  for  normal 
u  il  zation  can  no  longer  be  supplied.  It  is  clear  that  these  alternative  explanations 
a  e  similar,  to  the  extent  that  they  depend  upon  a  disproportion  between  the Ttes 

of  sugar  formation  and  sugar  Utilization  R„f  f  ,  ueiween  rates 

point  of  influence  to  the  periph  aT  SUef  w  i.P  rh  *ttributes  ‘he 

liver.  [  tissues,  while  the  second  attributes  it  to  the 

At  the  present  time,  the  evidence  that  is  available  regarding  the  foregoing  ex- 
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planations  is  contradictory  and  confusing.  The  work  that  has  been  done  with  rats 
and  rabbits  favors  the  conclusion  that  the  influence  of  the  anterior  pituitary  is  ex¬ 
erted  largely  on  the  utilization  of  sugar  by  the  peripheral  tissues.  The  data  de¬ 
rived  from  cats  and  dogs  indicate  that  the  primary  influence  of  the  anterior  pitui¬ 
tary  is  on  hepatic  gluconeogenesis  and  that  hypophysectomized  animals  not  only 
fail  to  show  an  increased  utilization  of  sugar  but  actually  exhibit  a  reduced  ability 
in  this  respect.  For  example,  Fisher,  Russell,  and  Cori  and  others  concluded  that  the 
effects  of  hypophysectomy  in  rats  result  from  a  relatively  greater  “oxidation”  of 
carbohydrate  (49,  50,  51)  and  that  the  administration  of  pituitary  extracts  inhibits 
the  utilization  of  carbohydrate  by  fixing  the  body  glycogen  (the  so-called  “glyco- 
static  effect”)  (49,  50,  51).  Their  conclusions  were  based  upon  the  calculation  of  the 
amounts  of  carbohydrate  “oxidized”  from  R.Q.  estimations  and  upon  carbohy¬ 
drate-balance  experiments  performed  on  intact  fasting  animals.  We  have  already 
discussed  the  difficulty  of  accepting  quantitative  deductions  concerning  the  oxida¬ 
tion  of  foodstuffs  based  on  R.Q.  determinations  in  the  whole  animal.  Similarly, 


carbohydrate-balance  studies  done  on  the  intact  animal  ignore  the  dynamic  bal¬ 
ance  to  which  we  have  referred,  for  they  do  not  take  into  account  the  unknown 
amounts  of  sugar  formed  by  the  liver  during  the  experimental  period.  However, 
Russell  (50,  52)  later  took  account  of  these  criticisms  and  performed  chemical-bal¬ 
ance  studies  in  eviscerated  hypophysectomized  rats.  Her  results  appeared  to  sup¬ 
port  her  earlier  conclusions.  Using  eviscerated  hypophysectomized  rabbits,  Greely 
and  Drury  (53,  54)  came  to  the  same  conclusions,  although  their  experiments 

were  hardly  in  the  nature  of  a  real  chemical  balance. 

It  must  be  pointed  out  that  the  protagonists  of  the  foregoing  point  of  view 
agree  that  there  is  some  diminution  in  hepatic  gluconeogenesis  from  protein,  but 
their  conclusion  is  that  the  chief  carbohydrate  abnormality  in  hypophysectomy  is 
an  absolute  increase  in  the  rate  of  sugar  utilization  above  that  which  obtains  in  the 
normal  animal  (50).  On  the  other  hand,  Foglia  and  Potich  (55)  had  shown  that  the 
continuous  intravenous  administration  of  equal  amounts  of  sugar  to  normal  and 
hypophysectomized  dogs,  respectively,  resulted  in  much  higher  blood-sugar  levels 
in  the  hypophysectomized  animals,  indicating  a  decreased  ability  to  dispose  of  t  e 
sugar.  Similarly,  Reid  (56),  working  with  hypophysectomized-depancreatize 
cats  found  that  they  used  a  smaller  proportion  of  intravenously  administered 
sugar  than  did  cats  with  only  the  pancreas  removed.  Finally,  Soskm  and  his  co¬ 
workers  (57,  58)  obtained  direct  data  on  the  rate  of  sugar  consumption  of  the  ex 
trahepatic  tissues  in  hypophysectomized  dogs  and  in  normal  dogs  treated  with  an 
active  anterior  pituitary  extract  (for  methods  see  chap,  xiv,  p.  49.  • 

injection  ~ 
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maintaining  the  carbohydrate  levels  of  fasting  hypophysectomized  animals)  did 
not  influence  the  rate  of  sugar  utilization  by  the  extrahepatic  tissues  of  normal 
dogs  (Fig.  55).  It  is,  therefore,  evident — at  least  in  dogs  that  the  decrease  in  car¬ 
bohydrate  levels  exhibited  by  fasting  hypophysectomized  animals  is  due  to  a  de¬ 
creased  rate  of  hepatic  gluconeogenesis,  insufficient  to  meet  even  the  reduced  sugar 
utilization  of  the  extrahepatic  tissues.  Conversely,  the  increased  carbohydrate  lev¬ 
els  resulting  from  the  administration  of  anterior  pituitary  extracts  (  glycostatic 
effect”)  is  not  due  to  a  greater  stability  of  the  tissue  glycogen  but  results  from  the 
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rnhvone?o^e  ifnfluefnce  °f  hypophysectomy  and  of  the  administration  of  anterior  pituitary  extract 

abdominally  eviscerated  doss-  maintai"ed 

represents  “d  d«sT'  “fT  ^ 

dogs;  the  hollow  squares  represent  normal  does  given  nhvnnp  Tt.  ^  hypophysectomized 

included  for  comparison,  is  the  same  Tin  Fif  £  £  ,  ^  5  smoo?»  contlnuous  curve,  which  is 

‘r,r  ir“w  ;•  - 

“glycostatic  effect”  ™nM  1  r  j  ’  e  35  indicates  that  the  term 

Crandall  and  Cherry  (S9)  have  confirmed  the  influence  of  ^hypophysis  on 
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hepatic  gluconeogenesis  in  intact  non-anesthetized  normal  and  hypophysecto- 
mized  animals  by  means  of  the  London  cannula  technic.  From  the  blood-sugar  con¬ 
tents  of  the  inflowing  and  outflowing  hepatic  blood,  they  estimated  that  the  rate 
of  sugar  output  from  the  livers  of  their  fasting  hypophysectomized  dogs  was  only 
about  50  per  cent  of  the  output  from  the  livers  of  fasting  normal  dogs.  The  work 
of  Wells  and  others  (60,  61)  in  Kendall’s  laboratory  confirmed  the  defect  in  glu¬ 
coneogenesis  in  hypophysectomized  animals  and  indicated  that  this  influence  of 
the  hypophysis  was  exerted  partly  through  the  adrenal  cortex  and  partly  through 
the  thyroid  gland.  These  workers  studied  the  urinary  sugar  and  nitrogen  excretion 
of  normal,  adrenalectomized,  thyroidectomized,  and  hypophysectomized  rats,  re¬ 
spectively,  treated  with  phlorhizin.  They  also  included  animals  from  which  both 


TABLE  35* 


Relative  Stability  of  Muscle  Glycogen  after  Hypophysectomy 
(Soskin,  Levine,  and  Lehman  [58]) 


Av.  De- 

Av.  In- 

Av.  Muscle  Glycogen 

Av.  Blood  Lactic  Acid 

CREASE  IN 

CREASE  IN 

(Mg.  per  Cent) 

(Mg.  per  Cent) 

Muscle 

Blood 

Condition 

No.  OF 

Glycogen 

Lactic  Acid 

Dogs 

(Mg.  per 

(Mg.  per 

Final 

Cent 

Cent 

Initial 

Final 

Initial 

per  Hr.) 

per  Hr.) 

Normal . 

15 

511 

355 

SO-5 

106.  7 

43-  I 

15-2 

Normal  given  an¬ 
terior  pituitary. . 
Depancreatized .  . . 

124.  6 
183.  2 

42-5 

38- 4 

18.2 

21.0 

13 

12 

601 

337 

448 

217 

59- 0 
118.  I 

Hypophysecto¬ 
mized  . 

5 

584 

57° 

27-3 

62.  8 

4. 1 

9-5 

*  Changes  in  muscle  glycogen  and  in  blood  lactic  acid  in  liverless  dogs  during  experiments  in  which  the  blood  sugar  was  main 
tained  at/or  above  the  normal  level  by  constant  injection  of  glucose. 


the  thyroid  and  the  adrenal  glands  had  been  removed.  By  administering  various 
hormones  and  combinations  of  hormones  to  the  operated  rats  they  were  able  to 
judge  which  hormonal  factors  restored  the  hypophysectomized  animals  to  a  nor- 
mal  response,  so  far  as  sugar  and  nitrogen  excretion  were  concerned.  Their  results 
are  summarized  in  Table  36.  It  may  be  seen  that  neither  thyroid  nor  adrenal  corti¬ 
cal  hormone  by  itself  was  able  to  rectify  the  deficiency  m  hypophysectomized  rats 
while  the  combination  of  both  hormones  was  successful.  It  may  be  c“"clud^  h  , 
the  gluconeogenetic  influence  of  the  thyroid  gland  (chap,  xvin)  and  of  the  adr 
cortex  (chap,  xvii)  are  each  partly  responsible  for  the  tota  e  ect  o  e  an 

pituitary. 

INFLUENCE  OF  THE  ANTERIOR  PITUITARY  ON  GLUCONEOGENESIS 

from  protein  and  fat 

**  11  may  be  seen  that  the  ani' 
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mal  has  no  difficulty  in  maintaining  its  blood-sugar  level  at  the  expense  of  in¬ 
gested  protein.  It  cannot  maintain  this  level  when  it  receives  only  fat.  It  is  also 
evident  that  the  length  of  time  which  the  animal  can  withstand  fasting  depends 
upon  its  previous  feedings.  After  a  protein-feeding  period  of  io  days  it  took  about 
12  days  of  fasting  to  reduce  the  blood  sugar  to  a  consistently  severe  hypoglycemic 
level;  after  a  prolonged  fasting  period  and  a  rapid  recovery  of  the  blood-sugar 
level  by  the  administration  of  protein  for  i  day,  a  second  fasting  period  resulted 
in  hypoglycemia  within  72  hours  (13). 

The  most  obvious  explanation  for  the  ease  with  which  the  hypophysectomized 
animal  can  restore  or  maintain  its  blood-sugar  level  from  protein  placed  in  the 
gastro-intestinal  tract,  at  a  time  when  it  is  unable  to  utilize  adequately  the  much 

TABLE  36 

Effects  of  Endocrine  States  and  Substitution  Therapy 
on  Phlorhizin  Diabetes  in  the  Rat* 


Condition  of  Animals 

Endocrine  Therapy 

Urine  Sdgar 
(Mg.  per 
100  Gm. 
per  Day) 

Urine  NPN 
(Mg.  per 
100  Gm. 
per  Day) 

D:N 

Compared  to  the 
Normal  (=ioo) 

Sugar 

NPN 

Normal . 

621 

770 

625 

148 

323 

449 

412 

625 

182 

171 

196 

57 

100 

158 

170 

196 

Normal . 

Thyroxin 

Thyrotrophic  hormone 

3*  4 

4.5 

124 

IOO 

95 

Normal . 

Hypophysectomized  . 

3-  2 

100 

24 

52 

72 

67 

100 

107 

Hypophysectomized  . 
Hypophysectomized  . 
Hypophysectomized  . 
Hypophysectomized  . 

Desoxycorticosterone 
Corticosterone 
Compound  E 
Compound  E  plus  thy¬ 
rotrophic  hormone 

3-  2 
2.8 
2.4 

3-  2 

31 

56 

87 

94 

107 

*  Data  taken  from  the  work  of  Wells  and  Kendall  (60,  61). 


larger  amount  of  its  own  tissue  protein  for  the  same  purpose,  is  the  fact  that  in- 
gested  protein  enters  the  blood  stream  as  amino  acid.  It  may  be  concluded  that 
the  anterior  pituitary  exerts  its  influence  on  gluconeogenesis  from  protein  by  facili¬ 
tating  the  conversion  or  the  breakdown  of  tissue  proteins  to  the  amino  acid  stage 
However,  the  influence  of  previous  protein-feeding  on  the  hypoglycemia  of  fasting 
also  suggests  that  the  anterior  pituitary  may  control  proteolytic  processes  within 
the  cells  but  not  be  important  for  the  transport  and  conversion  of  so-called 

of trofein  tTa  “T  °f  the  antoior  the  breakdown 

J  ,  .  T°  aC'f S 13  exerted_,n  Part>  at  least-through  the  thyroid  gland 

has  been  shown  by  experiments  in  which  the  blood-sugar  level  of  fasting 

XSfX  i:Xeeraintained  indefiniteiy  *  ** 

y  (  6-5  >P-  5).  The  thyroxin  simultaneously  restores  the  nitrogen  ex¬ 
cretion  of  these  animals  to  that  of  fasting  normal  dogs  (ao)  ® 

1  hat  there  is  a  difficulty  in  gluconeogenesis  from  the  fat  stores  of  the  hypophy- 
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sectomized  animal  is  evident  from  the  fact  that  fasting  may  induce  a  fatal  hypo¬ 
glycemia  even  though  ample  deposits  of  adipose  tissue  are  present.  The  influence 
of  anterior  pituitary  extracts  on  gluconeogenesis  from  endogenous  fat  in  normal 
animals  was  shown  by  the  work  of  Neufeld,  Scoggan,  and  Stewart  (62).  They  in¬ 
jected  various  anterior  pituitary  extracts,  as  prepared  in  Collip’s  laboratory,  into 
female  mice  and  made  chemical  determinations  of  the  entire  carcasses  of  their  ani¬ 
mals.  They  found  an  increase  in  the  total  glycogen  content,  a  decrease  in  the 
amount  of  fatty  acids  present,  and  no  change  in  the  nitrogen.  The  inability  of  the 
hypophysectomized  animal  to  maintain  its  blood  sugar  at  the  expense  of  ingested 
fat  may  depend  upon  the  fact  that  this  foodstuff  is  absorbed  into  the  blood  in  the 


Blood  Sugar 
(Mg.  per  Cent) 


Fio  <6  -Effect  of  exclusive  fat-  or  protein-feeding  and  of  fasting  on  the  blood-sugar  level  of  the  hy- 
Dophysectomized  dog .  The  shaded  area  represents  the  spread  of  the  blood-sugar  values  and  was  obtained 

[13JO 

same  form  as  it  exists  in  the  adipose  tissues,  i.e.,  as  neutral  fat.  Unlike  ingested 
protein,  therefore,  fat  absorbed  from  the  gastro-intestinal  tract  gives  the  hypophy¬ 
sectomized  animal  no  advantage  over  the  fasting  state. 

the  hypophysectomized-depancreatized  (houssay)  animal 
In  I0IO  Houssay  and  his  associates  reported  their  observations  on  hypophysec- 

In  193  y  Thev  found  that  such  animals  exhibited  less 

tomized-depancreatized  dogs  (12, 15).  -Lhey  louna  tnai  sue 
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hypoglycemia  occurred.  The  glycosuria  was  correspondingly  variable  and  was  en¬ 
tirely  absent  in  some  cases.  Nitrogen  excretion  was  only  slightly  decreased,  but 
ketosis  was  either  very  mild  or  absent.  The  animals  survived  for  months  without 

insulin.  # 

Figure  57  shows  that  fasting  has  the  same  hypoglycemic  effect  on  the  Houssay 

dog  as  it  has  on  the  hypophysectomized  animal  (13).  It  also  indicates  the  quantita¬ 
tive  relationship  between  the  amount  of  protein  ingested  and  the  consequent  rise 
in  the  blood-sugar  level.  As  might  be  expected,  the  glycosuria  also  depends  upon 


•  1*^G,S7--Influence  of  the  amount  of  protein  intake  on  the  blood-sugar  level  of  the  hypophysecto- 
mized-depanereatized  dog.  (This  is  the  same  animal  as  depicted  in  Fig.  56,  before  pancreatectomy  )  The 

meak  tTS  ^  UP°?  "  ^  the  ammal  was  fed;  the  suPerimP°sed  white  arrows  indicate  the 

“  a  :  3hT?afdidl  PS  T  aforf  hortened  representation  of  the  night  periods,  between  9: 00  p  m  and 

^3^so1It:  day  1 :  t  gm: 

168  gm.  of  protein;  day  7:  90  gm.  of  protein;  evening  of  day  8:  same  a&s  day  1.  (SoScin  eTS-TS.)  ^  5 


the  protein  intake  as  is  shown  in  Table  37.  It  should  be  noted  that,  regardless  of 
Ibserved  —stations  fa  the  different  animals,  no  ketonuria  was 

It  may  be  concluded  that  the  same  disturbance  which  causes  the  disability  of 

namew  Th  y  "  “  ^  m^ntenance  of  his  blood-sugar  level 

amely,  the  impairment  in  gluconeogenesis,  is  also  responsible  for  the  ameliora- 
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tion  of  diabetes  in  the  Houssay  animal.  The  extreme  variability  in  the  severity 
of  the  diabetic  syndrome  noted  by  Houssay  and  other  authors  undoubtedly  re¬ 
sulted  from  the  variability  of  the  food  intake  of  their  experimental  animals.  The 
well-fed  Houssay  animal  actually  exhibits  a  diabetic  syndrome  of  moderate 
severity,  except  for  the  lack  of  ketosis.  The  undernourished  Houssay  animal  mani¬ 
fests  little  or  no  diabetes.  But  even  under  the  most  favorable  nutritional  condi¬ 
tions,  the  diabetic  syndrome  is  not  as  intense  as  in  the  depancreatized  animal  with 
the  hypophysis  intact.  This  is  readily  understood  when  one  considers  the  unavail- 


TABLE  37 


Hypophysectomized-Depancreatized  Dogs  (Soskin  el  al.  [13]) 


Dog 

Survival 

(without 

Insulin) 

(Weeks) 

Diet 

(400  Gm.  Meat; 
60  Gm.  Sugar; 
120  Gm. 
Pancreas) 

Ketonuria 

Average 
Glucose 
Excretion 
(Gm.  per 

24  Hrs.) 

Average 
Nitrogen 
Excretion 
(Gm.  per 

24  Hrs.) 

Average 
D:N  Ratio* 

H  7 

4 

Full 

None 

IO.  I 

5-  I 

0 

Partial  (5) 

None 

2-4 

2.9 

0 

H  11 

6 

Full 

None 

80.  O 

14-3 

i-4 

H  35 

7 

Full 

None 

75- 0 

n.7 

w 

to 

00 

Partial  (I) 

None 

6.  1 

4-9 

0 

H  14 

9 

Full 

None 

83.0 

15-9 

i- 5° 

Partial  (I) 

None 

33-5 

7.0 

0.  50 

H  30 

13 

Full 

None 

70-3 

12.  0 

0.86 

Partial  (0) 

None 

0.  6 

1.  8 

0 

Sally 

14 

Full 

None 

61.  8 

i5- 0 

0.  12 

Partial  (f) 

None 

39-5 

14. 0 

0 

h4 

IS 

Full 

None 

95-9 

16.  s 

2.  10 

Partial  (f) 

None 

77-4 

12. 9 

2.  50 

•  This  was  calculated  after  subtracting  the  amount  of  sugar  ingested  from  the  glucose  excreted. 


ability  of  its  endogenous  protein  and  fat  for  gluconeogenesis  and  the  fact  that,  of 
the  ingested  food  materials,  only  sugar  (as  such)  or  protein  (amino  acids)  can  con¬ 
tribute  to  the  maintenance  of  the  blood-sugar  level.  In  other  words,  while  the  de¬ 
pancreatized  animal  with  hypophysis  intact  can  make  excessive  sugar  at  the  ex¬ 
pense  of  both  protein  and  fat  (endogenous  or  exogenous),  the  Houssay  animal  can 
use  only  ingested  protein  for  this  purpose.  This  accounts  for  the  hypoglycemic 
effects  of  fasting,  in  spite  of  ample  fat  stores;  the  low  D:N  ratios,  the  lack  of  keto- 

sis  -  and  the  relatively  long  survival  without  insulin. 

The  amelioration  of  the  diabetic  syndrome  in  the  absence  of  the  hypophysis  re¬ 
sembles,  in  many  respects,  that  seen  in  depancreatized  ^  been 

insulin  on  undernutrition  diets  composed  solely  of  protein  (63,  64).  It 
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shown  that  carbohydrate  utilization  proceeds  at  a  normal  rate  in  untreated  pan¬ 
creatic  diabetes  (chap,  xvi,  p.  185)  and  that  hypophysectomy  decreases  carbohy¬ 
drate  utilization  (Fig.  55).  Hence,  neither  undernutrition  nor  hypophysectomy 
can  be  held  to  ameliorate  the  diabetic  syndrome  by  restoring  carbohydrate  utiliza¬ 
tion.  Undernourished  depancreatized  animals  survive  from  4  to  6  weeks  and,  de¬ 
spite  the  complete  absence  of  insulin,  become  progressively  less  diabetic  the  longer 
they  survive.  There  is  a  progressive  lowering  of  the  D:N  ratio,  a  gradual  increase 
in  the  R.Q.,  and  an  increasing  retention  of  administered  sugar  which  has  both  pro¬ 
tein-sparing  and  antiketogenic  actions.  These  criteria  of  “carbohydrate  oxidation 
become  apparent  as  the  fat  stores  of  the  animals  are  depleted.  The  difference  be¬ 
tween  these  animals  and  Houssay  dogs  consists  in  the  means  by  which  the  dia¬ 
betes  is  modified  rather  than  in  any  difference  in  the  final  state  which  is  reached. 
The  undernourished  depancreatized  animals  suffer  a  gradual  and  incomplete  loss 
of  body  fat  as  the  period  of  undernutrition  progresses,  while  the  Houssay  animals 
exhibit  an  acute  loss  of  ability  to  utilize  the  ample  fat  stores  which  are  present.  In 
both  cases  this  leads  to  a  decreased  new  sugar  formation,  so  that  utilization  of  car¬ 
bohydrate  is  unmasked. 


INFLUENCE  OF  THE  ANTERIOR  PITUITARY  ON 
SENSITIVITY  TO  INSULIN 


The  mechanism  of  the  increased  sensitivity  of  hypophysectomized  animals  to 
insulin  is  not  completely  understood.  It  may  depend  on  any  or  all  of  the  following 
factors:  (a)  a  lack  of  counterregulatory  response  to  hypoglycemia  by  the  liver  of 
the  hypophysectomized  animal;  (b)  a  decreased  rate  of  inactivation  of  insulin  by 
the  blood  and  tissues  of  the  hypophysectomized  animal,  so  that  the  administra¬ 


tion  of  a  given  dose  of  insulin  might  result  in  the  presence  of  much  larger  effective 
quantities  of  the  hormone;  and  ( c )  the  absence  in  the  hypophysectomized  animal 
of  an  anti-insulin  factor  which  antagonizes  the  action  of  insulin  in  the  extrahepatic 
tissues  of  the  normal  animal. 

The  decreased  rate  of  gluconeogenesis  in  the  liver  of  the  hypophysectomized 
animal  may  be  a  factor  which  limits  the  ability  of  the  animal  to  restore  its  blood- 
sugar  level.  This  agrees  with  the  fact  that  adrenotrophic  hormone  or  adrenal  corti¬ 
cal  extracts  which  increase  hepatic  gluconeogenesis  also  restore  the  normal  re¬ 
sponse  to  insulin  (23).  But  gluconeogenesis  cannot  be  the  only  factor,  because  thV- 

rx  t1CtV6Sem  rleYdrenal  C0rtlcal  “tract  in  increasins  gluconeogenesis,  does 

not  affect  the  insulrn  hypersensitivity  of  hypophysectomized  animals  (Fig.  58) 
The  work  of  Kepinov  (65)  and  that  of  Bodo  (14,  66)  indicate  that  the  suscenti- 
;V  of  ll!ier  glycogcn  t0  breakdown  by  epinephrin  is  diminished  in  the  absence  of 
the  hypophysis.  If  this  applies  to  the  endogenous  secretion  of  the  adrenal  medulll 
normnlly  evoked  by  hypoglycemia,  it  would,  of  course,  contribute  to  the  g  eater 
effect  of  a  given  dose  of  insulin  after  hypophysectomy.  8 


234 


CARBOHYDRATE  METABOLISM 


It  seems  likely  that  the  inactivation  of  insulin  in  the  body  is  accomplished  by 
sulphydryl  compounds  (67,  68).  It  has  been  shown  that  muscle  extracts  inactivate 
insulin  in  vitro  by  virtue  of  two  components,  one  of  which  is  probably  reduced 
glutathione  (GSH),  while  the  other  is  the  SH  groups  of  proteins  (68).  The  applica¬ 
tion  of  these  facts  to  the  intact  living  organism  is  indicated  by  the  observation  that 
the  intravenous  administration  of  cysteine  is  followed  by  decreased  sensitivity  to 
insulin.  It  has  also  been  shown  that  the  livers  of  hypophysectomized  rats  have  a 
significantly  lower  GSH  content  than  those  of  normal  rats  (26).  There  is,  there¬ 
fore,  some  basis  for  supposing  that  the  increased  effect  of  insulin  in  the  absence  of 


Hours  Hours  Hours 


Fig.  58.— Lack  of  influence  of  thyroxine  on  the  hypersensitivity  to  insulin  of  hypophysectomized 
dogs.  Each  set  of  curves  represents  a  different  hypophysectomized  animal.  In  each  case  the  broken  line 
represents  the  effect  of  insulin  before  thyroxine  treatment,  while  the  continuous  line  represents  the  effect 
of  the  same  dose  of  insulin  during  thyroxine  administration.  Note  the  higher  initial  blood-sugar  va  ues 
in  the  thyroxine-treated  animals.  (Soskin  et  al.  [20].) 


the  hypophysis  may  be  due  to  a  prolonged  period  of  action  because  of  a  decreased 

rate  of  inactivation.  . 

The  work  of  Himsworth  (69)  may  be  taken  to  indicate  the  presence  of  a  perip  - 
eral  anti-insulin  factor  in  the  hypophysis.  He  reported  that,  while  the  administra¬ 
tion  of  crude  pituitary  extracts  did  not  influence  the  spontaneous  fall  of  the  blood 
sugar  in  hepatectomized  rabbits,  it  did  interfere  with  the  accelerating  effect  of  in¬ 
sulin  upon  the  rate  of  fall.  The  results  of  Russell  et  al  (see  p.  art)  aPPear  10  SUP' 
port  Himsworth’s  observation.  But  the  evidence  of  both  is  opposed  by  the  find- 
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ings  of  others  (p.  226)  which  are  incompatible  with  the  conclusion  that  the  ante¬ 
rior  pituitary  exerts  an  important  peripheral  action.  , 

It  is  evident  that  the  sensitivity  to  insulin  of  the  hypophy sec tonmed  animal  de- 
pends — partly,  at  least-on  the  liver.  Whether  or  not  there  is  a  peripheral  factor 
in  the  sensitivity  must  await  further  work.  The  use  of  the  more  recently  available 
pure  trophic  fractions  of  the  anterior  pituitary  in  the  liverless  animal  should  make 
a  solution  of  this  problem  possible. 


INTERDEPENDENCE  OF  THE  METABOLIC  FACTORS 


Table  34  summarizes  the  various  known  physiologic  effects  of  the  best-isolated 
components  of  anterior  pituitary  extract  which  together  exert  the  so-called  “dia¬ 
betogenic  action.”  It  will  be  noted  that  the  most  important  factors  are  the  adreno- 
trophic,  thyrotrophic,  and  growth  hormones.  In  general,  these  hormones  act  by  mo¬ 
bilizing  the  non-carbohydrate  precursors  of  blood  sugar  from  the  periphery  and  by 
stimulating  gluconeogenesis  at  their  expense  in  the  liver.  This  seems  an  anomalous 
function  to  attribute  to  the  growth  hormone,  since  the  process  of  growth  must  in¬ 
volve  protein  synthesis  and  nitrogen  retention  rather  than  the  reverse.  The  fact  is 
that  the  growth  hormone  exhibits  either  its  anabolic  or  its  catabolic  action,  de¬ 
pending  upon  the  presence  or  absence  of  insulin  (33,  70,  71).  In  the  normal  animal 
or  in  the  depancreatized  animal  receiving  large  amounts  of  insulin  the  growth  hor¬ 
mone  causes  nitrogen  retention.  In  the  untreated  diabetic  animal  it  causes  in¬ 
creased  nitrogen  excretion. 

Certain  experiments  showing  the  amelioration  of  the  diabetic  syndrome  by 
adrenalectomy  and  its  exacerbation  even  in  the  hypophysectomized  animal  by  the 
administration  of  large  amounts  of  adrenal  cortical  hormone  have  been  interpreted 
as  indicating  that  the  adrenotrophic  hormone  is  the  most  important  factor  in  the 
diabetogenic  action  of  the  anterior  pituitary  (72,  73).  This  is  not  necessarily  so.  It 
is  true  that  the  presence  of  some  adrenal  cortical  hormone  is  essential  for  the  dia¬ 
betogenic  action  of  the  other  amerior  pituitary  factors,  and  this  may  account  for 
the  amelioration  of  diabetes  in  its  absence.  But  it  has  also  been  shown  that  the 
administration  to  an  adrenalectomized  animal  of  an  amount  of  adrenal  cortical 
hormone  which  by  itself  exerts  no  obvious  diabetogenic  effect  will  enable  that  ani¬ 
mal  to  yield  a  significant  diabetogenic  response  to  anterior  pituitary  extracts 
(50,  73)- 


The  situation  is  probably  not  so  complicated  as  appears  at  present.  If  we  re¬ 
gard  each  of  the  hormones  as  a  catalytic  influence  at  a  different  point  in  the  chain 
of  reactions  responsible  for  the  mobilization  and  catabolism  of  the  foodstuffs  it 
is  evident  that  the  acceleration  of  any  one  of  the  reactions  may  increase  the  rate 
of  the  whole  chain.  However,  the  absence  of  any  one  of  the  hormones  may  lead  to 

such  a  bottleneck  at  its  particular  point  of  action  that  the  accelerating  effect  of  any 
or  all  of  the  hormones  may  be  nullified.  : 
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CHAPTER  XX 


PERMANENT  EXPERIMENTAL  DIABETES  PRO¬ 
DUCED  WITHOUT  SURGERY 


THE  diabetic  syndrome  induced  in  certain  laboratory  animals  during  the 
injection  of  anterior  pituitary  extracts  may  be  termed  “hypophyseal  (or 
pituitary)  diabetes.”  As  first  shown  by  Evans  (i)  and  by  Houssay  and 
his  co-workers  (2)  and  subsequently  confirmed  by  many  others,  this  type  of  ex¬ 
perimental  diabetes  begins  to  diminish  in  intensity  after  a  few  days  even  while  the 
injections  of  extract  are  continued.  The  syndrome  disappears  very  rapidly  follow¬ 
ing  the  cessation  of  treatment  (3) . 


In  1937  Young  (4)  reported  that  the  injection  of  increasing  massive  doses  of 
crude  anterior  pituitary  extracts  into  dogs  resulted,  in  some  animals,  in  a  perma¬ 
nent  diabetes  which  persisted  indefinitely  after  the  injections  were  stopped.  He 
also  reported  experiments  in  species  other  than  the  dog.  He  found  that  the  mouse, 
rat,  and  guinea  pig  showed  hardly  any  effect  from  the  injection  of  his  crude  ante¬ 
rior  pituitary  extract.  About  half  of  the  rabbits  and  rats  showed  slight  and  transi¬ 
tory  diabetogenic  effects.  Very  young  dogs  or  puppies  resembled  the  rabbit  and 
cat  rather  than  the  adult  dog  (5,  6,  7,  8).  Lukens  and  Dohan  (9)  were  able  to  dem¬ 
onstrate  the  diabetogenic  action  of  pituitary  extracts  and  the  production  of  perma- 
nent  diabetes  m  partially  depancreatized  cats.  Richardson  (10)  made  histological 
s  udies  of  the  pancreatic  glands  of  dogs  rendered  permanently  diabetic  with  pitui¬ 
tary  extracts  and  reported  that  the  islets  exhibit  reduction  in  size,  hyalinization 
and  degranuiation  of  the  0-cellr.  Best  et  al.  (ir)  found  that  the  pancreas  of  such 
gs  contains  from  o  to  0.2  units  of  insulin  per  gram,  as  compared  with  the  average 
gure  of  3.4  units  per  gram  m  the  normal  animal.  The  fact  that  dogs  can  be  ren 
dered  permanently  diabetic  with  anterior  pituitary  extract  but  that  this  is  not 

Yout  fml  Th  may  ^  eT‘rd  in  Part  *  the  observations  of  Mark  and 

S — rrsi' 1 

creased  the  amount  of  insulin  in  the  pancreas  The  ,  J  extract  to  rats  m- 
the  rabbit  behaved  like  the  dog,  while  the  mouse  reseXTthl  r at' “  th‘S  ”*** 

It  is  important  to  distinguish  between  the  ex-nprim  i 

injection  of  hypophyseal  extracts  (before  the  destruct  o^  oTth^  TT  the 

hans,  and  reversible)  and  the  permanent  diabetes  whi  h  ? ^  f  °f  Langer‘ 

an tenor  pituitary  injections  and  which  is  not  „  ^  perSlsts  after  cessation  of 

betes.  Hence,  it  seems  wise  to  adoDt  the  n  C  dlfferent  from  pancreatic  dia- 

adopt  the  nomenclature  suggested  by  Houssay  (t3) 


239 


240 


CARBOHYDRATE  METABOLISM 


and  to  reserve  the  term  “hypophyseal  (or  pituitary)  diabetes”  for  the  temporary 
state  during  hypophyseal  injections,  while  using  the  term  “  metahypophyseal  dia¬ 
betes”  for  the  permanent  syndrome  resulting  from  the  destruction  of  islet  tissue. 


i. 


2. 


METAHYPOPHYSEAL  (YOUNG’S)  DIABETES 

Despite  their  fundamental  similarity,  there  are  certain,  as  yet  unexplained,  dif¬ 
ferences  between  the  metabolism  of  depancreatized  dogs  and  that  of  dogs  with 
metahypophyseal  diabetes.  We  quote  Marks  and  Young’s  own  summary  (14)  of 
their  findings  and  conclusions  regarding  the  latter  type  of  animal.  These  authors 
used  the  term  “pituitary-diabetic”  to  denote  the  metahypophyseal  syndrome. 

Dogs  made  permanently  diabetic  by  treatment  with  anterior  extract  differ  most  obviously 
from  depancreatized  dogs  in  the  following  respects: 

a)  Some  of  these  dogs  require  more  insulin  for  the  control  of  glycosuria  than  do  depan¬ 
creatized  dogs; 

b )  The  pituitary-diabetic  dogs  are  able  to  survive  for  long  periods  in  good  health  without  in¬ 
sulin  therapy,  if  sufficient  utilizable  food  is  given.  The  intensity  of  the  diabetic  condition 
may  vary  from  animal  to  animal. 

Removal  of  the  pancreas  from  a  pituitary-diabetic  dog  resulted  in  a  slight  and  possibly  not 
significant  fall  in  insulin  requirement.  The  pancreas  contained  2.5  units  of  insulin,  compared 
with  an  average  figure  for  nine  normal  dogs,  of  comparable  weight,  of  76  units. 

On  a  protein  diet,  the  pituitary-diabetic  dogs  exhibited  hyperglycemia,  a  substantial  glyco¬ 
suria  and  ketonuria,  with  a  D/N  quotient  of  over  3.0  in  most  instances;  on  a  high-carbohy¬ 
drate  diet,  these  dogs  retained  about  55  per  cent  of  the  total  available  carbohydrate  in  the 
food;  on  a  diet  of  beef  suet,  the  blbod  sugar  level,  the  glycosuria  and  ketonuria  of  these  dogs 
were  all  diminished,  and  the  sugar  tolerance  was  increased.  In  one  animal,  which  tolerated  a 
high-fat  diet  for  over  six  weeks,  the  addition  of  casein  to  the  beef-suet  diet  diminished  sugar- 
tolerance,  but  did  not  increase  ketonuria,  although  substitution  of  raw  meat  for  casein  re- 
suited  in  a  substantial  rise  in  ketonuria.  These  results  support  the  conclusions  of  Petren 
(1924),  which  were  drawn  from  clinical  investigations,  that  protein  (meat  food),  and  not  , 
is  particularly  concerned  in  the  aetiology  of  ketonuria. 

The  metabolic  rate  of  the  pituitary-diabetic  dogs  was  somewhat  above  that  of  control  nor¬ 
mal  animal  under  similar  conditions,  but  the  excess  above  normal  was  not  so  great  as  w 

found  with  depancreatized  dogs.  . 

c  As  indicated  by  the  hypoglycemic  effectiveness  of  5  units  of  injected  insulin,  by  the  Huns- 

as ' ; 

apparently  insufficient  to  account  for  all  the  observed  facts. 

There  are  two  additional  items  in  their  paper,  not  mentioned  in .the  summary 
which  seem  of  particular  interest.  In  following  up  their  observation  of  the  keto 
•  ffprt  of  raw  meat  as  compared  with  casein  in  their  ‘  pituitary-diabetic 
ma"  s,  :£  found  that  the  residue  of  raw  meat  which  had  been  repeatedly  extracted 

■  This  statement  applies  only  to  metahypophyseal  diabetes.  In  hypophyseal  diabetes  there  is  a 
marked  insensitivity  to  insulin  (8). 
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with  hot  water  exerted  only  about  one-quarter  of  the  ketogenic  effect  exerted  by 
the  original  amount  of  the  raw  meat.  The  supplementation  of  the  extracted  meat 
with  a  concentrate  of  the  hot  aqueous  extract  caused  a  significant  increase  in  keto- 
nuria.  Marks  and  Young  also  made  a  number  of  comparisons  between  their  re¬ 
sults  and  those  obtained  by  Langfeldt  (15)  on  partially  depancreatized  animals. 
One  might  speculate  as  to  the  extent  to  which  the  differences  between  meta- 
hypophyseal  diabetes  and  pancreatic  diabetes  might  be  caused  by  the  presence, 
in  the  former,  of  portions  of  the  pancreas  which  are  not  responsible  for  insulin  se¬ 
cretion. 

The  following  is  a  partial  reconstruction  of  the  series  of  events  leading  to  the 
development  of  metahypophyseal  diabetes  in  the  dog  or  in  animals  which  react  in 
a  similar  manner.  It  is  probable  that  the  injection  of  anterior  pituitary  extract 
evokes  a  secretion  of  insulin  from  the  pancreas.  Ham  and  Haist  (16)  reported  an 
increased  mitotic  activity  in  the  islet  tissue  of  the  pancreas,  as  well  as  in  the  thy¬ 
roid,  parathyroid,  and  adrenal  cortical  glands  following  the  administration  of  an¬ 
terior  pituitary  extract.  Weinstein  (17)  confirmed  the  earlier  report  of  Shpiner  and 
Soskin  (18)  that  the  injection  of  anterior  pituitary  extract  may  cause  an  immediate 
temporary  fall  in  the  blood  sugar.  The  secretion  of  insulin  in  response  to  the  ante¬ 
rior  pituitary  extract  injection  probably  also  accounts  for  the  decreased  nitrogen 
excretion  (19,  20).  However,  the  continuation  of  anterior  pituitary  extract  treat¬ 


ment  eventually  exhausts  the  insulin-secreting  cells  of  the  pancreas  and  appar¬ 
ently  permanently  incapacitates  them  (10,  11).  The  unopposed  action  of  the  an¬ 
terior  pituitary  gland  then  becomes  evident  and  produces  an  increase  in  protein 
and  in  fat  catabolism  similar  to  that  occurring  when  anterior  pituitary  extract  is 
injected  into  depancreatized  animals  (19). 

Lukens  and  Dohan  (9)  used  partially  depancreatized  cats  with  metahypophys¬ 
eal  diabetes  to  study  the  influence  of  various  procedures  as  regards  their  protec¬ 
tive  action  on  the  islands  of  Langcrhans.  They  found  that  fasting,  a  high-fat  diet 
and  insulin  and  phlorhizin  administration,  respectively,  led  to  recovery  from  meta- 
ypophyseal  diabetes,  providing  the  treatment  were  started  before  the  insulin 
producing  cells  were  completely  destroyed.  They  pointed  out  that  the  obvious 
common  factor  in  all  these  treatments  was  the  maintenance  of  a  lower  blood-sugar 
level  over  a  period  of  time.  Best  and  his  co-workers  (21  22  22)  hiH  , 

fasting,  high-fat  diets,  and  the  administration  of  insulin  diminished  the  insulin 

ture  of  the  islets  of  Langerhans  after  such  treatments  suevests  that  ,1, 

cedures  tend  to  put  the  /3-cells  of  the  islets  “at  rest  ”  I  „L-  §g  iV  e  1  ^  pr0~ 

ed  this  suggestion  to  explain  their  own  results  The  L  ^  ^  ad°pt’ 

Ually  depancreatized  caTs  with  limited f If  “  d p- 

tration  of  anterior  pituitary  extract  led  tnn  f  ^  1S  GtS’ the  adminis~ 

remaining  islets  through  sustained  hyperglylemklThe^  an<1  eX'laU,Stion  of  the 

yp  giycemia.  I  he  various  procedures  which 
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they  employed  to  lower  the  blood-sugar  level  presumably  reduced  the  degree  of 
overwork  of  the  islets  and  enabled  them  to  survive  and  recover. 

While  it  is  difficult  to  offer  a  satisfactory  alternative  explanation  to  the  above, 
there  are  certain  obstacles  to  the  acceptance  of  the  postulated  mechanism.  Thus, 
Haist  and  Best  reported  that  the  insulin  content  of  the  pancreas  of  hypophysec- 
tomized  rats  was  similar  to  that  of  normal  rats,  when  both  types  of  animal  were 
equally  well  fed  (23,  24).  If  the  insulin  content  of  the  pancreas  were  a  reliable  index 
of  the  rate  of  insulin  secretion  by  that  organ,  their  finding  would  indicate  that  the 
pancreas  of  the  hypophysectomized  animal  secretes  as  much  insulin  as  that  of  the 
normal  animal.  This  would  appear  to  be  extremely  unlikely,  in  view  of  the  marked 
sensitivity  of  the  hypophysectomized  animal  to  administered  insulin.  It  therefore 
seems  hazardous  to  judge  the  state  of  work  or  rest  of  the  pancreas  on  the  basis  of 
its  insulin  content. 

As  regards  the  influence  of  insulin  on  the  histology  of  the  islets,  this  depends 
in  part,  at  least — on  the  experimental  conditions.  Mirsky  (25)  has  shown  that  the 
continued  administration  of  insulin  to  partially  depancreatized  dogs  may  actually 
lead  to  the  degeneration  of  the  pancreatic  remnants!  Control  animals  with  similar 
amounts  of  pancreas  removed  and  observed  for  the  same  length  of  time  showed  no 
diabetes  and  no  evidence  of  any  developing  pancreatic  insufficiency.  The  insulin- 
treated  dogs  exhibited  severe  acute  diabetes  once  the  insulin  administration  ceased 
and  showed  no  tendency  toward  spontaneous  recovery.  At  the  present  time  it  is 
not  possible  to  reconcile  these  results  with  those  of  Lukens  and  his  co-workers. 


METATHYROID  DIABETES 

Houssay  (26)  has  reported  that  partially  depancreatized  dogs  given  large 
amounts  of  thyroid  extract  over  a  prolonged  period  of  time  eventually  exhibit  a 
permanent  diabetes,  similar  to  metahypophyseal  diabetes.  This  substantiates  the 
discussion  in  chapter  xviii  concerning  theroleof  the  thyroid  in  carbohydrate  metab¬ 
olism  and  enhances  the  probability  that  the  anterior  pituitary  exerts  its  effects 
partly  through  this  gland.  Houssay  could  not  produce  metathyroid  diabetes  in 
dogs  with  the  pancreas  intact. 


alloxan  diabetes 

In  the  course  of  studies  on  the  toxic  effects  of  alloxan  (Fig  59) 

Dunn  McLechie,  and  Sheehan  (27)  noted  (among  other  pathological  findings 

’  , .  \  nprmsk  of  the  fl-cells  of  the  islands  of  Langerhans. 

post-mortem  examination)  a  necrosis  ot  the  p  cens  oi  t  nreviouslv 

Many  of  their  rats  exhibited  convulsions  before  death.  Jacobs  (28)  ha  P  > 

mat  wlich  Skived  the  initial  effects  of  the  drug,  later  developed  permanent 
diabetes. 
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By  varying  the  dose  of  alloxan  so  as  to  avoid  death  from  hypoglycemia  and 
damage  to  tissues  other  than  the  pancreas,  Bailey  and  Bailey  (29)  and  Goldner 
and  Gomori  (30)  were  able  to  produce  diabetes  practically  at  will  in  rats,  guinea 
pigs,  rabbits,  and  dogs.  In  the  latter  animals,  kidney  and  liver  damage  seemed  to 
be  at  a  minimum,  the  acinar  tissue  of  the  pancreas  and  the  a-cells  of  the  islands 
of  Langerhans  appeared  to  be  entirely  unaffected,  but  the  /3-cells  of  the  islets  were 
completely  destroyed.  These  observations  offer  a  new  tool  for  the  investigation 
of  the  diabetic  syndrome,  particularly  in  small  animals,  where  complete  pancrea- 
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Fig.  59.— Structure  of  alloxan,  showing  its  close  relationship  to  certain  derivatives  of  naturally  oc¬ 
curring  nucleoproteins.  The  possibility  has  been  suggested  (33)  that  alloxan,  or  a  similar  substance  aris¬ 
ing  from  a  disordered  nucleoprotein  metabolism,  may  have  a  bearing  on  the  etiology  of  diabetes  mellitus. 


tectomy  has  been  difficult  or  impossible  (29,  31).  It  may  also  facilitate  the  study 
of  the  separate  functions  of  the  component  cells  of  the  islands  of  Langerhans 
(29,  32,  33)- 
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PART  V 

INTEGRATION  OF  PHYSIOLOGICAL  AND 
CLINICAL  ASPECTS 


CHAPTER  XXI 

REGULATION  OF  CARBOHYDRATE  METABOLISM 


WE  HAVE,  thus  far,  dealt  with  the  storage  of  carbohydrate,  its  intercon¬ 
versions,  and  its  utilization  or  dissimilation  by  the  living  organism.  We 
have  seen  that  our  knowledge  of  the  quantitative  aspects  of  these  phe¬ 
nomena  is  rather  limited.  It  is  therefore  to  be  expected  that  the  development  of 
our  understanding  of  the  mechanisms  which  regulate  carbohydrate  metabolism 
should  be  correspondingly  retarded.  At  the  present  time  it  is  impossible  to  predict, 
except  in  the  most  general  sort  of  way,  what  proportions  of  a  given  dose  of  carbo¬ 
hydrate  will  follow  the  various  possible  pathways  for  its  disposal  in  the  living  or¬ 
ganism  under  a  particular  set  of  circumstances.  It  is  impossible  to  calculate  how 
much  of  the  carbohydrate  will  be  stored  as  glycogen,  how  much  will  be  converted, 
and  how  much  will  be  dissimilated  for  energetic  purposes. 

Such  partitions  as  might  be  predicted  are  based  upon  empirical  data  from  previ¬ 
ous  experiments  conducted  under  similar  conditions.  We  know  from  experience 
that,  when  a  limited  amount  of  carbohydrate  is  available,  it  is  likely  to  be  used  as 
as  source  of  energy  and  that  little  of  it  will  appear  as  glycogen  or  fat.  It  seems  ob¬ 
vious  that  there  must  be  fairly  accurate  mechanisms  for  diverting  the  carbohy¬ 
drate  into  the  channel  most  useful  for  the  animal,  but  we  know  little  or  nothing  of 
the  details  of  such  mechanisms. 

The  regulation  of  the  blood-sugar  level  differs  somewhat  from  that  of  other 
carbohydrate  functions.  Storage,  interconversions,  and  dissimilation  vary  with 
carbohydrate  supply,  whereas  the  blood-sugar  level  in  the  normal  animal  remains 
relatively  constant  under  the  most  diverse  conditions  of  feeding  and  fasting.  On 
the  other  hand,  the  hyperglycemia  and  the  great  dependence  of  the  blood-sugar 
evel  of  the  diabetic  organism  on  the  kind  and  amount  of  ingested  food  indicates 
a  profound  disturbance  of  the  regulating  mechanisms  in  diabetes 

Claude  Bernard  was  keenly  aware  of  the  dynamic  balance  involved  in  blood- 
sugar  regulation-the  balance  upon  which  any  proper  conception  of  regulation 
must  be  based.  He  clearly  stated  that  the  normal  blood-sugar  kvel  represented  a 
precise  equilibrium  between  the  rates  of  sugar  formation  in  the  liver  and  of  sugar 
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sugar.  This  may  be  accounted  for  partly  by  the  discovery  of  insulin  and  partly  by 
the  erstwhile  predominance  of  the  non-utilization  theory  of  diabetes.  The  dis¬ 
covery  of  insulin  led  to  overemphasis  of  the  possible  role  of  the  pancreas  in  the  reg¬ 
ulation  of  carbohydrate  metabolism;  the  non-utilization  theory  demanded  that  the 
regulating  activity  of  the  pancreas  be  exerted  upon  sugar  utilization. 

A  striking  example  of  the  manner  in  which  these  factors  have  influenced  inter¬ 
pretations  is  contained  in  a  relatively  recent  review,  in  which  an  older  paper  by 
Poliak  (10)  is  cited.  The  latter  author,  by  fortunate  deduction  from  meager  evi¬ 
dence,  had  arrived  at  the  conception  that  the  blood-sugar  level  was  a  determining 
factor  as  regards  the  activity  of  the  liver  in  the  regulation  of  carbohydrate  metabo¬ 
lism  (10,  11).  The  quotation  from  Cori  (12)  is  as  follows Poliak,  before  the  insulin 
era,  advocated  the  view  that  the  blood  sugar  level  is  of  major  importance  in  the 
regulation  of  carbohydrate  metabolism,  which,  translated  into  out  present  ter¬ 
minology,  means  in  the  secretion  of  insulin.”  It  will  be  seen,  from  the  evidence  to 
be  reviewed,  that  this  “translation”  is  not  warranted  and  that  Poliak’s  version 
happened  to  be  more  correct. 


THE  HOMEOSTATIC  MECHANISM  IN  THE  LIVER 

The  characteristic  rise  and  fall  of  the  blood  sugar  following  the  administration 
of  dextrose  to  normal  animals  represents  a  rapid  and  reproducible  test  of  the  regu¬ 
lating  mechanisms.  Wide  clinical  and  experimental  use  of  this  test  has  been  made. 
In  man  it  has  been  customary  to  have  the  subject  drink  300-500  cc.  of  lemon¬ 
ade  sweetened  with  50-100  gm.  of  dextrose.  The  test  is  usually  performed  m  the 
morning  before  breakfast,  for  it  has  been  found  that  previous  food  intake  influ¬ 
ences  the  outcome  of  the  test.  A  control  blood-sugar  determination  is  made  before 
the  test,  and  further  determinations  are  made  at  various  intervals  up  to  3  hours 
after  the  test.  The  average,  or  “normal,”  blood-sugar  curve  obtained  in  the 
healthy  subject  is  shown  in  Figure  60,  where  it  is  contrasted  with  the  so-called 
“diabetic”  curve  from  patients  with  diabetes  melhtus  and  from  individuals  suffer¬ 
ing  from  other  conditions  which  interfere  with  efficient  regulation. 

Until  a  few  years  ago,  it  was  customary  to  explain  the  normal  dextrose-tolerance 
curve  as  resulting  from  a  stimulation  of  the  pancreas  by  the  administered  sugar 
The  consequent  secretion  of  insulin  was  supposed  to  dispose  of  the mcommgsugar 
by  increasing  the  rates  of  storage  and  “oxidation”  of  carbohydrates  -,3)-™ 
abnormal  type  of  curve  characteristic  of  the  depancreatized  animal  and  the 

sugar  a^inl  the  possMhy^hatregulatio^might  also  be  accomplished  by  controlling 

th  Morelently,  Soskin  and  his  co-workers  (,4)  tested  the  fundamental  basis  of 
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these  explanations  by  substituting  a  constant-injection  pump  for  the  pancreas  as 
the  source  of  insulin  in  dogs.  Completely  depancreatized  dogs  received  constant 
intravenous  injections  of  insulin  at  rates  just  sufficient  to  maintain  a  normal  con¬ 
stant  blood-sugar  level  in  each  particular  animal.  They  were  therefore  restored  to 
normal  in  a  restricted  experimental  sense  except  that  they  could  not  mobilize  ad¬ 
ditional  insulin;  they  had  to  get  along  on  the  constant  amounts  of  insulin  supplied 


Blood  Sugar 
(Mg.  per  Cent) 


by  their  artificial  substitute  for  a  nanerpas  Tf 

reel,  such  animals  should  have  yielded  ‘M  abe  i t-TT™  ***  ^  C°r' 

as  a  matter  of  fact,  the  animals  eThibited  perfe  iv  ZTl  "  ^  ^ 
evident  that,  provided  sufficient  /•  ^  orma  tolerance  curves.  It  was 

sugar  level,  no  additional  secretion  was "necessary  H  “  constant  bl»od- 

1  "as  necessary  for  adequate  regulation. 
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These  results  naturally  directed  attention  toward  the  liver  as  possibly  the  factor 
that  varied  in  regulation.  Normal  dogs  were  hepatectomized;  and  a  constant  injec¬ 
tion  of  dextrose  just  sufficient  to  maintain  a  normal,  constant  blood-sugar  level 
was  substituted  for  the  liver.  Since  the  pancreas  was  intact,  this  type  of  animal 
preparation  was  able  to  mobilize  insulin  as  required  but  could  not  alter  the  rate  at 
which  sugar  was  being  delivered  to  the  blood  from  the  artificial  liver.  Such  animals 
invariably  yielded  markedly  “diabetic”  tolerance  curves.  It  was  apparent  that  the 
pancreas  was  not  essential  to  the  regulating  mechanisms  responsible  for  the  nor¬ 
mal  dextrose-tolerance  curve,  while  the  presence  of  the  normal  liver  was  essential. 

This  led  to  observations  on  the  simultaneous  blood-sugar  values  of  the  blood 
flowing  into  and  out  of  the  liver,  in  normal  and  depancreatized  dogs,  during  the 
course  of  dextrose-tolerance  tests.  From  these  and  the  previous  results  it  was 
postulated  that  (in  the  presence  of  a  sufficiency  of  insulin,  but  not  necessarily  an 
extra  secretion  from  the  pancreas)  the  normal  liver,  as  one  of  its  responses  to  ad¬ 
ministered  dextrose,  decreases  the  output  of  blood  sugar  which  it  has  previously 
been  supplying  from  its  own  resources. 

The  homeostatic  regulating  mechanism  for  the  control  of  the  blood-sugar  level 
was  later  subjected  to  direct  proof  (15).  By  correlating  the  rate  of  blood  flow 
through  the  liver  of  experimental  animals  with  the  difference  in  the  sugar  content 
between  the  blood  flowing  into  and  out  of  this  organ,  it  was  possible  to  calculate 
the  absolute  amounts  of  sugar  entering  and  leaving  the  liver  per  unit  of  time.  Fig¬ 
ure  61  illustrates  such  an  experiment  and  shows  what  happens  when  a  dextrose- 
tolerance  test  is  made.  It  may  be  seen  that  the  liver,  which  was  pouring  sugar  into 
the  blood  prior  to  the  administration  of  the  dextrose,  ceased  to  do  so  almost  im¬ 
mediately  upon  the  administration  of  dextrose  and  started  to  take  in  large  quan¬ 
tities  of  sugar.  (The  period  following  this  retention  of  sugar  is  particularly  wort  y 
of  note  At  this  time  the  liver  neither  took  in  nor  put  out  sugar  for  a  period  o 
about  an  hour,  showing  that  the  inhibition  of  the  output  of  sugar  is  a  phenomenon 
separate  from  the  storage  of  sugar.)  When  the  period  of  inhibition  was  over  the 
liver  again  began  its  usual  supply  of  sugar  to  the  blood;  and  the  blood-sugar  level 
which  had  fallen  somewhat  below  the  pre-test  level  during  the  inhibition,  rose  up 

d<.B  which  were  cccci.ing  the  Wcpri.t.  co.sunt  mjcclic 
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to  accelerate  its  rate  of  supply  of  blood  sugar  to  a  point  sufficient  to  maintain  the 
original  normal  blood-sugar  level. 

The  hepatic  regulating  mechanism  is  analogous  to  the  system  used  for  the  regu¬ 
lation  of  temperature  in  many  modern  homes,  namely,  the  thermostat-furnace  ar¬ 
rangement.  When  the  temperature  of  the  house  rises  above  the  level  at  which  the 
thermostat  has  been  set,  the  furnace  shuts  off  until  the  excess  heat  has  been  dissi¬ 
pated.  When  the  temperature  of  the  house  falls  back  to  the  threshold  of  the  ther¬ 
mostat,  the  furnace  starts  up  again.  That  is  exactly  what  the  liver  does,  so  far  as 

Arterial  Liver 

Blood  Sugar  Output-Intake 
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minis f*  t*'  Direct  demonstration  of  the  homeostatic  mechanism  in  the  liver.  The  effect  of  dextrose  ad 

large  intake  of  sugar  which  follows.  Throughout  thp  HUiPUt  Wjien  sugar  is  administered  and  the 
neither  retains  nor  excretes  sugar.  During  this  period  the  wo  nf°Ur  a  ^  SuUgar  admmistration  the  liver 
original  control  values  and  does  not  return  to  normal  until  nft  arteriaI  blood  falls  below  its 

hibitio,,  of  the  hepatic  secret!™  of  sugar  is  .  hTe!Umed  output.  The  in- 

of  sugar.  (Soskin  el  al.  [15].)  ’  ’  d  separate  phenomenon  from  the  storage 


to  f  °gy  the  tem—  iS  talent 

by  the  liver.  It  will  be  noted  that  just  as  it  is  the™™  farrangemcnt  is  Resented 
the  thermostat  and  shuts  off  the  fur„ac  so  it  which  operates 

hibits  the  output  of  sugar  by  the  liver.  blood-sugar  level  which  in- 
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Accordingly,  the  dextrose-tolerance  curve  and  the  hypoglycemic  phase  which 
often  follows  it  resemble  the  fluctuations  in  temperature  above  and  below  the 
threshold  of  regulation  when  an  extra  quantity  of  heat  is  introduced  into  the  tem¬ 
perature-regulated  house.  The  characteristics  of  the  curve  depend  upon  the  mag¬ 
nitude  of  the  disturbing  factor  (the  amount  of  sugar  administered),  the  setting  and 
sensitivity  of  the  thermostat  (the  endocrine  balance),  and  the  capacity  of  the  fur¬ 
nace  (the  ability  of  the  liver  to  produce  sugar). 

The  fact  that  the  hepatectomized  animal  with  an  artificially  maintained  normal 
constant  blood-sugar  level  (and  with  the  pancreas  and  extrahepatic  tissues  free  to 
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Fig.  62.  Hypoglycemic  reaction  without 

tion,”  refers  to  the  injection  of  the  test  sugar.  Ihe  cross  ^  ^  maintain  a  n0rmal  blood-sugar  level 

to  the  constant  injections  of  insulin  plus  dextrose  that  injection  in  normal  dog;  Depancr mined 

in  the  depancreatized  dog.  Normal:  results  of  protege *  Depancreatized:  Results  of  a 

control:  Maintenance  of  a  normal  blood-sugar  level  i  d  p  established  normal  blood-sugar  level, 

prolonged  dextrose  injection  in  a  depancreatized  dog  with  an 

(Soskin  and  Allweiss  [16].) 

eels 
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It  is  not  to  be  supposed,  however,  that  the  hepatic  mechanism  is  the  only  one  in¬ 
volved.  Glycogen  deposition  in  both  the  liver  and  muscle  and  an  increased  utiliza¬ 
tion  of  sugar  by  the  extrahepatic  tissues  undoubtedly  play  their  parts.  These  proc¬ 
esses,  like  hepatic  homeostasis,  are  under  the  influence  of  the  blood-sugar  level. 
Cori  and  Cori  (17)  have  pointed  out  that  the  rate  of  glycogen  deposition  depends 
upon  the  concentration  of  sugar  in  the  blood.  Soskin  and  Levine  (18)  have  shown 
that  the  rate  of  sugar  utilization  by  the  extrahepatic  tissues  varies  directly  with 
the  height  of  the  blood-sugar  level.  It  seems  logical  to  assume  that  smaller  amounts 
of  sugar,  especially  if  they  enter  the  circulation  via  the  portal  vein,  may  be  fully 
compensated  for  by  hepatic  inhibition  alone.  Larger  amounts  of  sugar  will  invoke 
hepatic  storage  as  well.  Still  larger  amounts,  which,  in  spite  of  the  foregoing,  raise 
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Fig.  63. — Inhibition  of  liver  glycogenolysis  by  added  glucose 

I.  The  influence  of  different  amounts  of  glucose  added  to  each  vessel,  upon  the  appearance  of  free 
sugar  in  liver  brei  in  1  hour.  (7)  No  addition;  (2)  S  mg.  of  glucose  added;  (3)  10  mg.  added;  (4)  20  mg 
added;  (5)  40  mg.  added. 

7/;\A  comParjs°n  of  the  rates  of  appearance  of  free  sugar  at  different  time  intervals,  with  and  without 
the  addition  of  glucose  to  liver  brei.  ( 6 )  No  addition;  (7)  20  mg.  of  glucose  added 

The  blocks  representing  total  carbohydrate  determinations  at  the  beginning  and  end  of  each  experi¬ 
ment  indicate  that  there  was  no  significant  loss  of  carbohydrate  from  the  system.  (Soskin  et  al.  [19].) 

the  systemic  blood-sugar  level,  will  bring  into  play  the  additional  factors  of 
extrahepatic  storage  and  increased  utilization. 

It  is  clear  that  the  fundamental  regulation  of  the  blood  sugar  is  an  autoregula- 
tion,  m  which  the  prime  mover  is  the  blood-sugar  level  itself.  This  is  further  sup¬ 
ported  by  the  work  of  Soskin,  Levine,  and  Taubenhaus  (i9)  on  the  rate  of  appear- 

“;'fa  SUgal‘n  g'ycogenolyzing  liver  brei  with  and  without  the  presence  of 
added  dex  The  results  are  il.ustrated  by  Figure  63.  It  may  be  see'n  that  the 
sugar  level  influences  the  enzyme  system  concerned  with  the  Glycogen = Glucose 
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reaction,  for  the  rate  of  appearance  of  free  sugar  in  the  liver  tissue  is  definitely  and 
quantitatively  retarded  by  the  addition  of  dextrose  to  the  brei. 


THE  ROLE  OF  THE  ENDOCRINES  IN  THE  REGULATION 
OF  THE  BLOOD  SUGAR 


The  thermostat-furnace  analogy  is  useful  in  arriving  at  a  clear  conception  of  the 
function  of  the  endocrine  glands  in  the  regulation  of  the  blood  sugar.  It  is  obvious 
that  a  thermostat-furnace  arrangement  will  go  through  the  same  regulating  proc¬ 
esses  at  any  temperature  level,  depending  upon  where  the  thermostat  is  set.  In 
other  words,  it  is  the  setting  of  the  thermostat  which  determines  at  what  tempera¬ 
ture  the  furnace  will  shut  off.  Similarly,  the  balanced  action  of  the  endocrine  secre¬ 
tions  determines  the  level  of  blood  sugar  at  which  the  liver  will  be  inhibited.  In  the 
normal  animal  the  endocrine  balance  is  such  that  the  liver  is  inhibited  at  a  range 
between  60  and  90  mg.  per  cent.  This,  indeed,  is  what  determines  the  existence  of 
a  constant  normal  blood-sugar  level.  An  excess  or  a  deficiency  of  any  of  the  hor¬ 
mones  upsets  the  endocrine  balance  and  changes  the  threshold  for  the  inhibition  of 
the  liver,  and  hence  changes  the  blood-sugar  level  in  a  characteristic  manner. 

Influence  of  the  pancreas. — It  will  be  remembered  that,  while  the  liver  turned 
out  to  be  the  primary  organ  exerting  the  regulating  activity  responsible  for  the 
dextrose-tolerance  curve,  it  was  necessary  to  maintain  a  constant  supply  of  insulin 
throughout  the  test  period  (14).  In  other  words,  the  normal  endocrine  balance  had 
to  be  maintained  in  order  to  have  regulation  occur  at  its  usual  normal  level.  When 
insulin  is  deficient,  as  in  experimental  pancreatic  diabetes,  the  situation  is  equiva¬ 


lent  to  that  which  would  occur  if  the  adjusting  screw  on  a  thermostat  were  set  at 
an  infinitely  high  level.  If  we  suppose  that  the  setting  were  now  at  i,ooo°  F.,  the 
thermostat  might  just  as  well  have  been  entirely  removed,  for  all  practical  pur¬ 
poses.  In  the  first  place,  the  furnace  is  probably  incapable  of  producing  enough 
heat  to  raise  the  temperature  of  the  house  to  i,ooo°  F.  and  so  to  shut  itself  off. 
Secondly,  even  if  the  furnace  were  capable  of  producing  that  much  heat,  the  house 
would  burn  down  before  the  thermostat  threshold  was  reached.  What  actually 
happens  is  that  the  furnace  simply  continues  to  produce  heat  in  an  uncontrolled 
manner  to  the  limit  of  its  capabilities.  The  house  is  overheated,  and  the  heat  is  dis¬ 
sipated  only  to  the  extent  that  it  can  pass  through  the  walls,  doors,  and  windows. 
Similarly,  when  insulin  is  deficient,  the  sugar  output  of  the  liver  is  no  longer -  in¬ 
hibited,  regardless  of  how  high  the  blood-sugar  level  rises  (overproduction)  I  he 
result  is  a  hyperglycemia  and  a  glycosuria  which  are  only  aggravated  by  the  admin¬ 
istration  of  additional  sugar.  When  the  latter  procedure  is  performed  as  a  dextrose- 
tolerance  test,  the  result  is  a  high  and  prolonged  curve  which  is  not  a  function  of 
the  normal  liver  reaction  but  which  depends  upon  the  rate  at  which  the  sugar  can 
be  disposed  of  by  diffusion,  utilization,  and  excretion. 
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Influence  of  tie  anterior  pituitary  gland.— When  the  anterior  pituitary  gland  is 
deficient  or  absent,  as  in  the  hypophysectomized  animal,  the  situation  is  equiva¬ 
lent  to  that  which  would  occur  if  the  adjusting  screw  on  the  thermostat  were 
turned  down  as  far  as  it  would  go,  so  that  the  furnace  would  shut  off  even  while 
the  house  was  cold.  This  is  the  significance  of  the  characteristically  low  blood- 
sugar  level  maintained  in  hypopituitarism  (20,  21).  Conversely,  the  administra¬ 
tion  of  anterior  pituitary  extracts  will  maintain  the  blood  sugar  at  high  levels. 
In  other  words,  the  anterior  pituitary  is  a  force  tending  to  regulate  the  blood-sugar 
level  in  a  direction  opposite  to  that  of  insulin.  To  revert  to  our  analogy,  let  us  sup¬ 
pose  that  insulin  is  represented  by  a  spring  tending  to  pull  the  thermostat  bar  to¬ 
ward  low-temperature  regulation,  while  the  anterior  pituitary  secretion  is  a  spring 
pulling  the  bar  in  the  opposite  direction.  Ordinarily,  the  balanced  action  of  both 
springs  keeps  the  bar  floating  at  the  desired  normal-temperature  setting.  It  will  be 
realized,  of  course,  that  the  removal  of  either  spring  will  allow  the  other  one  to  re¬ 
act  violently  in  the  opposite  direction.  In  this  connection,  consider  the  marked 
sensitivity  of  the  hypophysectomized  animal  to  insulin  (20,  21).  From  this  point 
of  view,  also,  it  is  easy  to  understand  the  strong  resemblances  of  hyperinsulinism 
to  hypopituitarism  and  the  high  incidence  of  hyperglycemia  or  diabetes  in  hyper¬ 
pituitarism. 


Let  us  also  consider  what  result  one  might  expect  if  one  were  to  remove  the 
opposing  springs  from  both  sides  of  the  thermostat.  The  bar  would  move  from  its 
normal  point  of  balance  to  some  other  position  (depending  upon  the  force  of  grav¬ 
ity,  etc.),  and  regulation  would  then  occur  at  this  fortuitous  level.  This  situation 
has  been  duplicated  in  the  living  organism  by  the  simultaneous  removal  of  both 
the  pancreas  and  the  pituitary  gland  (22).  Such  an  animal,  when  well  fed,  main¬ 
tains  a  blood-sugar  level  in  the  neighborhood  of  350-400  mg.  per  cent  and  yields 
perfectly  normal  dextrose-tolerance  curves  at  that  level  (see  Fig.  64). 

It  has  been  pointed  out,  by  analogy,  that  the  liver  will  go  through  the  same 
regiflatmg  process  at  any  level  of  blood  sugar,  depending  upon  where  the  thresh¬ 
er1  °f  the  homeostatic  mechanism  in  the  liver  is  set  by  the  endocrine  balance. 

this  is  so,  the  hypophysectomized  animal  or  a  hypopituitary  human  should 
yield  a  perfectly  normal  dextrose-tolerance  curve,  except  that  it  should  start  from 
a  low  level  and  return  to  the  same  low  level.  This  is  actually  the  case.  But  a  lack 
of  understanding  of  all  the  factors  involved  has  led  to  misrepresentations  of  the 
results  obtained,  so  that  the  dextrose-tolerance  curve  in  hypopituitarism  has  been 

hansTh  7  rCPt°rted  ^  bClng  abnormall>r  low>  normal,  and  abnormally  high  Per¬ 
haps  the  most  common  error  leading  to  the  belief  that  ^  . 

pituitarism  is  better  than  normal-  has  been  he  f  •  f™56  t0'eranCe  “ 
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(23)  rather  than  an  index  of  the  ability  to  handle  sugar,  once  it  has  entered  the 
blood  stream. 

However,  even  when  the  sugar  is  administered  intravenously,  the  apparent  tol¬ 
erance  depends  upon  how  the  data  are  expressed.  Figure  65  shows  a  typical  intra¬ 
venous  dextrose  tolerance  curve  in  a  hypophysectomized  dog  (broken  line)  as 
compared  to  a  similar  test  in  a  normal  dog  (continuous  line).2  If  the  lower  initial 
and  final  levels  in  the  hypophysectomized  animal  are  ignored,  its  curve  appears  to 
be  low  or  better  than  normal.  If,  on  the  other  hand,  the  results  of  both  curves  are 
expressed  as  percentage  rise  above  the  initial  level,  the  hypophysectomized  curve 


Blood  Sugar  ABC 
(Mg.  per  Cent) 


Fig  64 -Normal  dextrose-tolerance  curves  in  the  “Houssay”  dog.  Dextrose-tolerance  curves  ob¬ 
tained  at  different  times  in  the  same  hypophysectomized-depancreatized  dog,  showing  the  persistence  of 
She  blood  sogH  regulating  mechanism  of  the  liver.  The  threshold  oi  stimulate ,  of  the  mechanism  is 
elevated  bufnot  to  the  infinite  height  to  which  it  is  raised  in  animals  with  only  the  pancreas  remove  . 
The  Sal  control  blood-sugars  for  curves  A  and  C  were  at  the  level  usually  maintained  by  this  amma 
“st  absorptive  state  when  food  intake  was  ample.  Prior  to  the  experiment  in  which  curve  B  was 

altered  endocrine  balance.  Thus,  the  administered  sugar  m  e  j  d  the  normal  response  of  the 

sugar  until  the  threshold  value  was  reached.  As  soon  as  this  was  attained,  the  norm  t 

liver  occurred.  (Soskin  et  al.  [22].) 


appears  to  be  high  or  worse  than  normal.  When,  however,  the  actual  curves  are 
drawn  from  the  same  base  line,  it  can  be  seen  that  they  are  practically  iden  c  . 

tests,  namely,  1.75  gm.  per  kilogram  of  body  weight. 
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The“ triple  tolerance  test:'— Although  the  principal  regulating  action  of  the  liver 
is  normal  in  the  hypophysectomized  animal,  there  is  a  subsidiary  regulating  mech¬ 
anism  which  is  not  normal,  namely,  that  mechanism  which  is  due  to  the  presence 
of  the  pituitary  itself.  When  dextrose-tolerance  tests  are  repeated  in  a  normal  ani¬ 
mal,  each  test  starting  as  soon  as  the  previous  one  is  over,  it  will  be  found  that  the 
second  curve  is  lower  or  better  than  the  first,  while  the  third  is  usually  better  than 
the  second.  The  fourth  curve  may  show  some  further  improvement,  but  subse¬ 
quent  curves  do  not.  This  phenomenon  is  commonly  called  the  Staub-Traugott 


A  B  C 


Increase  over  Initial 


Do  65.-Intravenous  dextrose-tQlerance  tests  in  a  hypophysectomized  dog  {broken  lines)  and  in  a 
normal  dog, (continuous  Urns),  compared  in  different  ways:  (A)  when  absolute  values  are  plotted  the 
curve  of  the  hypophysectomized  animal  looks  lower  than  normal;  ( B )  when  percentage  increases  above 
;“eS  are  plotted,  the  curve  of  the  hypophysectomized  animal appears^  be  h^h «  thaTn„rmal 

abs,lute  increases  above  initial  va,ues- the — 


effect,”*  after  the  investigators  who  first  described  it  (24).  It  has  been  shown  that 
this  phenomenon  does  not  occur  in  the  hypophysectomized  animal  (25). 

n  the  absence  of  the  hypophysis  the  first  curve  is  the  lowest  or  best  one  ob- 


'?  "-‘-lation  of  insulin  secretion 

the  next  test.  (Why  this  process  does  not  go  on  ad  infinitum'et  °f  s0  lhat  n,ore  ls  available  for 

not  explained.)  However,  the  explanation  fs  obviouslv  nm  e  ’  T'  "al  y  resultlnS  m  hypoglycemia,  is 

evidence  that  extra  insulin  need  not  be  secreted  to  obtain  1  ™ V  *n. View  of  the  Previously  presented 

of  the  fact  that  in  those  same  experiments  the  Staub  Tra  tolerance  curve  (p.  249)  and  in  view 

I  .ments  the  Staub-  fraugott  phenomenon  was  also  demonstrated  (14). 
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tained  (Fig.  66).  It  might  be  supposed  that  this  abnormality  is  due  to  some  second¬ 
ary  effect  of  the  absence  of  anterior  pituitary  secretion  upon  the  function  of  the 
liver.  But  this  is  not  the  case,  for  the  administration  of  anterior  pituitary  extract 
to  the  hypophysectomized  animal  raises  the  level  of  all  the  tests  without  restoring 
the  Staub-Traugott  phenomenon.  The  lowering  of  the  second  and  third  curves 
(and  sometimes  the  fourth)  in  the  normal  animal  can  therefore  best  be  explained 
as  a  progressive  depression  in  the  activity  of  the  pituitary  gland,  as  a  result  of  repeated 
or  prolonged  exposure  to  hyperglycemic  levels.  In  other  words,  after  several  suc- 

Blood  Sugar 
(Mg.  per  Cent) 


cessive  doses  of  sugar  the  normal  animal  reaches  that  stage  at  which  the  hypoph¬ 
ysectomized  animal  starts  out.  This  mechanism  is  very  acceptable  from  the  Ideo¬ 
logic  standpoint,  for  it  is  obvious  that,  during  continued  high  sugar  intake,  regula¬ 
tion  will  be  more  efficient  as  the  threshold  of  the  mechanism  is  lowered.  It  is  equiv¬ 
alent  to  the  common  practice  of  setting  down  the  thermostat  of  the  house  to,  say, 
50°  F.  during  the  spring  or  fall  months,  when  only  an  occasional,  brief  cold  snap 

may  be  expected. 
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Influence  of  the  adrenal  cortex  and  the  thyroid  gland.— At  the  present  time  it  is 
difficult  to  separate  the  influences  of  the  adrenal  cortex  and  the  thyroid  gland  from 
that  of  the  anterior  pituitary.  Indeed,  some  of  the  influence  of  the  anterior  pitui¬ 
tary  gland  described  above  may  be  exerted  through  these  other  glands  (26,  27). 
At  any  rate,  deficiency  or  removal  of  the  adrenal  cortex,  on  the  one  hand,  or  the 
administration  of  potent  extracts  of  this  gland,  on  the  other  hand,  will  lower  or 
raise  the  blood-sugar  level  in  a  manner  resembling  that  which  occurs  when  the 
pituitary  hormone  is  varied.  To  a  lesser  extent,  this  is  also  true  of  the  thyroid  (28). 
Presumably,  then,  the  adrenal  cortex  and  the  thyroid  influence  the  threshold  of 
regulation  of  the  sugar  level  in  the  same  manner  as  does  the  anterior  pituitary. 


INFLUENCE  OF  THE  STATE  OF  THE  LIVER  ON  THE  REGULATION  OF 

THE  BLOOD  SUGAR 


Although  we  have  compared  the  liver  to  a  thermostat-furnace  arrangement,  we 
have  thus  far  considered  only  those  factors  which  operate  by  affecting  the  thermo¬ 
stat  part  of  the  mechanism.  However,  it  is  obvious  that,  regardless  of  where  the 
thermostat  is  set,  the  state  of  repair  and  the  capabilities  of  the  furnace  will  have 
an  important  bearing  on  the  degree  of  regulation  which  is  achieved.  For  example, 
a  thermostat  setting  of  8o°  F.  would  have  no  meaning  if  the  furnace  were  incapable 
of  producing  enough  heat  to  raise  the  temperature  of  the  house  to  that  level.  An¬ 
other  consideration  is  the  speed  with  wrhich  the  rate  of  heat  production  by  the  fur¬ 
nace  can  be  increased  or  diminished.  Unless  such  adjustments  are  rapid,  there  will 
be  a  considerable  overswing  before  the  correct  temperature  is  reached.  If  the  ther¬ 
mostat  on  a  sluggish  furnace  clicks  over  at,  let  us  say,  8o°  F.,  the  temperature  may 
rise  to  90  or  ioo°  F.  before  the  effect  of  shutting  off  the  furnace  becomes  evident. 


Hnally,  even  with  a  furnace  of  great  capacity  and  high  efficiency,  the  degree  of 
regulation  will  depend  upon  the  magnitude  of  the  environmental  temperature 
change  for  which  the  furnace  has  to  compensate.  In  other  words,  the  usual  nightly 
drop  of  10  -20  F.  in  the  outside  temperature  might  produce  practically  no  per¬ 
ceptible  disturbance  in  the  temperature  of  the  house,  while  a  sudden  frost,  drop¬ 
ping  the  outside  temperature  4o°-5o°  F.,  might  result  in  a  downward  dip ’in  the 
house  temperature  before  the  furnace  could  cope  with  it.  The  analogous  considera¬ 
tions  apply  to  the  liver  as  the  organ  which  makes  the  blood  sugar. 

An  example  of  a  disturbance  in  sugar  regulation  analogous  to  the  situation  in 
which  the  furnace  is  incapable  of  raising  the  temperature  up  to  the  level  at  which 
the  thermostat  is  set  is  the  effect  of  fasting  on  the  hypophysectomized  animal  and 
on  he  hypopituitary  human  («,).  The  withholding  of  food  in  the  latter  organisms 
results  m  a  progress.ve  hypoglycemia.  This  does  not  depend  upon  any  change  in 
regulation,  because  the  resumption  of  food  intake  immediately  restores  the  orevi 
ous  blood-sugar  Web  It  does  depend  upon  a  marked  reductio/in  th  abi  U^o  the 
hver  to  make  blood  sugar  from  body  stores,  so  that  it  cannot  supply  sufficient 
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sugar  to  maintain  the  blood-sugar  level  unless  additional  preformed  sugar  or 
amino  acids  regularly  enter  from  the  gastro-intestinal  tract  (27). 

The  situation  in  the  liver  which  is  analogous  to  the  sluggish  furnace,  unable  to 
increase  or  decrease  its  rates  of  heat  production  very  readily,  is  that  where  the 
liver  is  damaged  by  toxic  agents.  It  is  well  known  that  the  “diabetic”  type  of  dex¬ 
trose-tolerance  curve  is  obtained  in  this  condition  (30,  31). 

The  “diabetic”  type  of  tolerance  curve  obtained  in  starvation  or  on  a  high-fat 
diet  is  analogous  to  the  temporary  breakdown  in  the  temperature  regulation  of  the 
house  when  a  sudden  great  demand  is  made  upon  even  a  very  efficient  furnace. 
Both  starvation  and  fat-feeding  are  alike  in  that  no  preformed  carbohydrate  is 
being  received  by  the  body,  so  that  the  liver  must  make  all  the  necessary  carbo¬ 
hydrate  from  its  own  resources.  This  represents  a  high  degree  of  activity  on  the 
part  of  the  liver,  as  compared  to  the  normal  conditions,  under  which  it  need  manu¬ 
facture  only  a  small  proportion  of  the  body’s  requirements.  The  deceleration  of 
sugar  output  by  the  liver  when  sugar  is  administered  requires  a  longer  time  when 
the  liver  is  working  at  top  speed  than  when  it  is  working  at  half-  or  quarter-speed. 
The  essential  correctness  of  this  interpretation  is  supported  by  the  fact  that  it  is 
only  the  first  dose  of  sugar  given  to  a  starved  or  fat-fed  animal  that  results  in  the 
“diabetic”  type  of  curve.  The  second  dose  (by  which  time  the  liver  has  been  able 
to  slow  up  its  production)  usually  shows  a  return  of  the  dextrose-tolerance  curve 

toward  the  normal  (32). 


ACTUAL  COMPLEXITY  OF  REGULATION  IN 
THE  LIVING  ORGANISM 

Thus  far,  the  analogy  of  the  thermostat-furnace  arrangement  has  served  us  well 
in  helping  to  simplify  the  relationship  between  the  endocrine  glands  and  the  liver 
in  the  regulation  of  the  blood  sugar.  But  it  is  necessary  to  realize  that  the  mecha¬ 
nism  which  has  been  described  is  integrated  with  a  series  of  other  regu  atory  proc¬ 
esses  in  the  body.  We  have  said,  for  example,  that  the  threshold  of  regulation  of  the 
liver  is  determined  by  the  endocrine  balance.  But  what  determines  the  characte  - 
istic  rates  of  activity  of  the  endocrine  glands  which  maintain  this  balance.  Th  s 
‘  uesUon  ca  not  be  answered  at  the  present  time,  although  we  do  have  some  hm  s 
concerning  certain  factors.  Thus  we  have  already  cited  evidence  which  "s 
that  the  blood-sugar  level  affects  not  only  the  liver  but  also  the  activity  of thean- 

terior  the^concen^tration  of  sugar  in  the  blood 

sugar  level  (22)  There  is  also ^  he  rate  of  secretion  of  insulin  (33).  Fur- 

ling  action  upon  the  activ  y  g  n trolling  effect  of  the  hormone  of  one 

"  ^iS^X^^and.  An  example  of  the  latter  type  of 
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effect  is  the  excessive  stimulation  of  the  secretion  of  insulin  by  the  repeated  injec- 
tion  of  massive  doses  of  extracts  of  the  anterior  pituitary  gland,  eventually  leading 
to  islet  exhaustion  and  pancreatic  diabetes,  as  first  described  by  \oung  (35,  3  )■ 

It  is  not  unusual  in  the  study  of  biologic  functions  to  find  a  number  of  overlap¬ 
ping  mechanisms  all  directed  toward  the  same  end  and  each  capable  of  serving  the 
function  to  a  considerable  extent  when  the  other  mechanisms  are  impaired  by  dis¬ 
ease  or  by  an  experimental  procedure.  This  situation  exists  in  regard  to  the  regula¬ 
tion  of  the  blood  sugar.  It  has  been  possible  to  demonstrate  a  primitive  type  of 
regulation  of  sugar  output  by  the  liver,  which  can  occur  in  isolated  hepatic  tissue 
in  the  test  tube  (19)  (see  p.  253)- In  other  words,  the  output  of  sugar  is,  to  a  certain 
extent,  controlled  by  the  concentration  of  sugar  present,  even  in  the  absence  of 
any  possible  endocrine  adjustment.  In  addition  to  this  intrinsic  hepatic  mechan¬ 
ism  and  its  endocrine  regulators,  which  have  already  been  discussed,  there  are  also 
certain  emergency  mechanisms  mediated  by  the  central  nervous  system  and  the 
adrenal  medulla  (see  chap,  xv,  p.  168).  The  latter  mechanisms  are  not  evident 
under  normal  conditions,  and  they  can  be  entirely  eliminated  experimentally 
without  appreciably  affecting  the  sensitivity  of  regulation.  But  when,  under  ab¬ 
normal  conditions  of  stress  and  strain,  the  organism  is  threatened  by  an  unduly 
rapid  or  profound  hypoglycemia,  the  emergency  mechanisms  rapidly  come  into 
play  by  breaking  down  liver  glycogen  and  providing  the  needed  blood  sugar. 

It  may  be  helpful  to  think  of  the  relationships  between  the  emergency  mecha¬ 
nisms,  the  endocrine  glands,  and  the  intrinsic  hepatic  homeostasis  from  the  phylo¬ 
genetic  viewpoint.  The  fundamental  or  primitive  regulation  may  be  supposed  to 
reside  in  the  biochemical  processes  of  the  tissue  cells.  The  endocrine  glands  may 
represent  a  step  up  the  evolutionary  scale  by  providing  a  more  sensitive  and  finely 
adjusted  regulating  mechanism,  which  renders  the  more  highly  developed  organ¬ 
ism  less  dependent  upon  its  external  environment.  The  emergency  mechanisms 
may  be  an  additional  protection  against  hypoglycemia  for  the  highly  specialized 
tissues  (e.g.,  central  nervous  system)  of  the  most  highly  developed  organisms. 
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CHAPTER  XXII 


PATHOLOGICAL  PHYSIOLOGY  AND 
CLINICAL  APPLICATIONS 

^^FTER  having  outlined  the  influences  of  the  various  endocrine  glands  upon 
the  process  of  blood-sugar  regulation  which  occurs  primarily  in  the  liver, 
it  becomes  a  relatively  simple  matter  to  account  for  the  characteristic 
clinical  disturbances  which  accompany  disease  or  dysfunction  of  the  glands  or  of 
the  liver. 


CLINICAL  DISTURBANCES  IN  THE  ENDOCRINE  REGULATION 

OF  THE  BLOOD  SUGAR 


We  have  seen  that  the  experimental  diabetic  syndrome  is  primarily  a  dis¬ 
turbance  in  the  regulation  of  carbohydrate  metabolism  (rather  than  of  utilization), 
brought  about  by  various  manipulations  of  the  endocrine  glands  or  their  hormones. 
But  in  order  to  avoid  confusion  in  terminology,  it  is  necessary  to  remember  at  the 
outset  that  diabetes  mellitus,  as  it  occurs  in  man,  is  still  a  clinical  syndrome  of  un¬ 


known  etiology.  The  essential  and  minimal  characteristics  of  this  syndrome  are  a 
persistent  hyperglycemia  with  glycosuria — all  other  effects,  such  as  polyuria,  de¬ 
hydration,  demineralization,  loss  of  weight,  ketosis,  and  coma  being  secondary  (i). 
In  the  mildest  disturbances  the  diagnosis  of  diabetes  mellitus  often  cannot  be 


finally  established  until  the  condition  has  progressed  in  severity  to  the  point  that 
stable,  persistent  criteria  develop.  It  often  happens,  also,  that  a  mild  disturbance 
in  carbohydrate  regulation  is  found  to  be  accompanied  by  hepatic  damage,  hyper¬ 
thyroidism,  adrenal  cortical  tumor,  etc.  If  the  liver  disease  or  the  glandular  dis¬ 
turbance  is  adequately  treated  by  medical  or  surgical  means  and  the  carbohydrate 
disturbance  is  thereby  eliminated,  it  is  not  customary  to  label  the  transitory  hy¬ 
perglycemia  and  glycosuria  as  diabetes  mellitus. 

It  is  readily  understood  that  the  foregoing  terminology  is  merely  a  clinical  con¬ 
vention.  From  the  physiologic  standpoint  it  is  difficult  to  conceive  of  a  disturbance 
like  diabetes  mellitus,  which,  in  some  individuals,  would  not  be  found  in  minimal 
and  transitory  form.  Nor  does  the  presence  of  frank  and  remediable  liver  disease 
or  glandular  disturbance  necessarily  make  the  resulting  diabetes  any  different 
from  that  which  occurs  when  the  etiologic  disturbance  cannot  be  detected  by 
present  clinical  methods.  It  is  this  physiologic  point  of  view  which  must  be  kept  in 
mind  in  considering  the  possible  etiologic  factors  involved  in  the  recognized  clin¬ 
ical  disturbance. 
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Since  the  condition,  which  by  clinical  convention  is  called  diabetes  mellitus 
is  characterized,  at  the  present  time,  by  the  very  lack  of  any  consistent  demonst 
ble  abnormality  in  the  endocrine  glands,'  we  must  perforce  base  our  notions  as  to 
possible  etiology  upon  the  various  experimental  procedures  by  which  a  similar 
syndrome  can  be  produced.  These  possibilities  have  already  been  indicated  in  the 
sections  devoted  to  the  various  endocrine  glands  and  the  liver.  Their  relationships 
to  each  other  are  graphically  illustrated  in  Figure  67.  In  the  balance  of  forces  rep- 

INCREASED  GLUCONEOGENESIS 
HYPERGLYCEMIA 


PITUITARY 


PANCREAS 


HYPOGLYCEMIA 
DECREASED  GLUCONEOGENESIS 


Fig.  67— Mechanical  analogy  to  the  endocrine  balance 


resented  there,  it  may  readily  be  seen  that  the  same  end-result  might  be  obtained 
in  a  variety  of  ways.  A  shift  of  regulation  toward  hyperglycemia  might  be  due  to 
a  diminution  in  the  insulin  factor  (an  absolute  lack  of  insulin)  or  to  an  intensifica- 


1  Two  recent  publications  require  some  comment- 

ha^oT^  Slurry  reif  vTearf  th' islets 

According  to  Mm,  .he  i.els  Sr  .he  diahfuc fnd'vTua^ 
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tion  of  the  opposing  factors  (a  relative  lack  of  insulin).  If  the  latter  type  of  dis¬ 
turbance  is,  indeed,  responsible  for  some  cases  of  diabetes  mellitus,  it  is  possible 
that  we  may  eventually  learn  to  distinguish  a  pituitary  diabetes,  an  adrenal  corti- 
ca  diabetes,  and  a  thyroid  diabetes,  as  well  as  a  pancreatic  diabetes.  To  this  list 
must  be  added  a  possible  hepatic  diabetes  which  might  occur  in  the  absence  of 
endocrine  disturbance  when  the  liver  is  no  longer  responding  normally  to  its  endo¬ 
crine  regulation.  It  must  be  emphasized  that  none  of  these  considerations  minimizes 
the  importance  of  insulin  in  therapy  or  suggests  that  any  other  efficacious  agent  is 
known  at  the  present  time.  The  diagram  clearly  indicates  that  the  important  thing, 
from  the  therapeutic  standpoint,  is  the  maintenance  of  the  normal  balance.  The 
administration  of  insulin  will  correct  the  imbalance  whether  it  is  due  to  an  absolute 
or  to  a  relative  lack  of  this  hormone. 

The  differentiation  of  the  various  possible  types  of  diabetes  mellitus  must  await 
the  development  of  adequate  methods  for  the  quantitative  estimation  of  glandular 
function  or  of  the  titer  of  the  various  hormones  in  the  blood.  For  the  present,  all 
diabetic  manifestations  which  are  accompanied  by  a  clinically  recognizable  dys¬ 
function  of  some  gland  or  of  the  liver  are  considered  to  be  part  of  the  syndrome  as¬ 
sociated  with  that  clinical  state.  A  similar  situation  exists  as  regards  carbohydrate 
disturbances  in  the  direction  of  hypoglycemia  and  the  differentiation  between 
hyperinsulinism  and  other  conditions  which  may  lead  to  hypoglycemia.  An  inspec¬ 
tion  of  the  following  list,  in  conjunction  with  an  examination  of  Figure  67,  will  re¬ 
late  the  characteristic  blood-sugar  disturbances  accompanying  the  various  known 
endocrine  syndromes  with  the  physiologic  considerations  which  have  been  out¬ 
lined.  We  have  included  key  references  to  articles  dealing  with  the  carbohydrate 
disturbance  in  the  clinical  syndrome. 


Endocrine  Hyperglycemias 


Anterior  pituitary  Acromegaly  (2) 

Pituitary  basophilism  (3,  4) 


Thyroid 
Adrenal  cortex 
Adrenal  medulla 
Pancreas 


Hyperthyroidism  (5) 

Hyperadrenocorticalism  (6,  7) 

Pheochromocytoma  (8) 

Diabetes  mellitus,  in  those  cases  where  there  is  evi¬ 
dence  of  destruction  of  the  islets  of  Langerhans  (9) 


compared  to  o. 7-5.5  per  cent  in  the  pancreas  of  normal  individuals.  Aside  from  the  considerable  overlap 
in  these  figures,  it  should  be  pointed  out  that  there  is  a  difference  of  only  56  per  cent  in  the  mean  values, 
while  it  has  been  shown,  both  in  animals  and  in  the  human  (109),  that  about  90  per  cent  of  the  pancreas 
can  be  removed  without  any  apparent  disturbance  in  carbohydrate  metabolism. 

2  Waters  and  Best  (1 10)  have  determined  the  amount  of  insulin  which  could  be  extracted  from  p 
creatic  glands  (removed  at  post-mortem  examination)  from  normal  and  diabetic  human  beings  and  have 
reported  that  the  pancreas  of  the  diabetic  contains  much  less  insulin.  But  it  is  very  questionable  whether 
IhetauUn  content  of  the  pancreas  can  be  used  as  an  indea  of  its  secretory  activity  (see  chap,  as,  p.  =4*). 
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Anterior  pituitary 

Thyroid 
Adrenal  cortex 

Pancreas 


Endocrine  Hypoglycemias 

Simmonds’  disease  (io) 
Anorexia  nervosa  (n) 

Hypothyroidism  (12) 

Addison’s  disease  (13) 

Adrenal  apoplexy  (14) 

Hyperinsulinism  (15) 
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INFLUENCE  OF  LIVER  DYSFUNCTION  ON  BLOOD-SUGAR  REGULATION 

In  chapter  xxi  (p.  259)  we  described  the  various  ways  in  which  the  state  of  the 
liver  might  affect  the  regulation  of  the  blood-sugar  level.  This  may  not  be  of  great 


24-Hour  Depancreatized  Dog  (P  9) 


Fig.  68— The  influence  of  the  impairment  of  liver  function  by  fatty  infiltration  on  the  characteristics 
of  the  diabetic  state  in  a  depancreatized  dog  (16).  The  fatty  liver  was  present  during  April,  1937,  and 
was  caused  by  substituting  meat  for  the  raw  pancreas  in  the  diet.  Except  for  this,  the  food  intake  was  the 
same  throughout.  The  arrows  in  the  upper  row  of  curves  mark  the  times  of  the  meals  and  of  insulin  ad¬ 
ministration.  The  arrows  in  the  lower  row  of  curves  mark  the  injection  of  0.3  units  of  insulin  per  kilogram 

of  body  weight,  in  the  morning  before  breakfast,  as  a  test  of  the  sensitivity  to  insulin.  (Soskin  and  Levine 
[16J.) 


practical  importance  when  one  is  dealing  clinically  with  a  case  of  frank  liver  dis¬ 
ease,  where  the  danger  to  life  from  other  consequences  of  liver  failure  overshadows 
the  carbohydrate  disturbance.  But  it  may  be  of  considerable  value  in  diagnosis 
and  prognosis  when  an  endocrine  disturbance  in  blood-sugar  regulation  is  compli- 
cated  by  the  presence  of  liver  dysfunction.  Figure  68  illustrates  a  striking  example 
o  this  situation.  Here  we  have  a  pure  endocrine  disorder,  namely,  diabetes  re- 
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suiting  from  the  removal  of  the  pancreas  in  the  dog,  experimentally  complicated 
by  a  reversible  type  of  liver  damage  (16).  It  will  be  seen  that  the  characteristics  of 
the  diabetes  in  this  dog  were  markedly  changed  during  the  time  that  the  liver  was 
affected  (April,  1937). 

Interest  in  these  results  is  enhanced  by  the  fact  that  in  clinical  diabetes  mel- 
litus  we  find  two  similar  types  of  the  disease— namely,  the  insulin-sensitive 
(“juvenile”  or  unstable)  and  the  insulin-insensitive  (“adult”  or  stable).  The  de- 
pancreatized  dog  with  an  unimpaired  liver  (December,  1936)  resembles  the  indi¬ 
vidual  with  insulin-sensitive,  juvenile,  or  unstable  diabetes  mellitus.  The  morning 
fasting  blood  sugar  is  the  highest  in  the  24  hours;  the  blood  sugar  falls  sharply  dur¬ 
ing  the  day  under  the  influence  of  a  dose  of  insulin  with  each  meal  and  then  rises 
throughout  the  night  hours.  In  this  state  the  administration  of  0.3  units  of  in¬ 
sulin  per  kilogram  of  body  weight  causes  a  smart  fall  in  the  blood-sugar  level  of 
about  200  mg.  per  cent. 

The  same  animal,  which  had  been  on  a  diet  of  lean  meat,  sugar,  and  raw  pan¬ 
creas,  was  then  placed  on  an  equicaloric  diet  from  which  the  pancreas  was  omitted. 
This  is  known  to  result  in  a  severe  fatty  infiltration  of  the  fiver  (17,  18)  (see  chap, 
viii,  p.  91).  The  impairment  of  fiver  function  consequent  to  the  fatty  infiltration 
is  reflected  in  three  ways  which  are  characteristic  of  the  insulin-insensitive  adult 
or  stable  type  of  diabetes  mellitus  (April,  1937).  At  this  time  the  diabetes  is  milder, 
and  less  insulin  is  required  to  control  it  to  a  similar  degree;  the  morning  fasting 
blood-sugar  level  is  the  lowest  in  the  24  hours  and  climbs  during  the  day  because 
of  the  food  intake,  despite  the  insulin  administered  with  the  meals.  The  blood 
sugar  then  falls  during  the  night  hours.  The  administration  of  the  same  amount  of 
insulin  as  in  the  previous  sensitivity  test  now  results  in  a  much  smaller  drop  in  the 
blood-sugar  level.  The  restoration  of  raw  pancreas  to  the  diet  of  this  animal,  with 
a  return  of  the  fiver  function  almost  to  normal  (May,  1937),  completely  reverses 
the  nature  of  the  diabetes  to  its  original  condition. 


This  demonstration  of  the  influence  of  fatty  infiltration  of  the  fiver  on  the  nature 
and  severity  of  diabetic  manifestations  suggests  an  explanation  for  the  partial  suc¬ 
cess  of  the  extreme  high-fat  diets  and  starvation  regimens  formerly  used  in  the 
treatment  of  diabetes  mellitus.  Both  these  procedures  will  lead  to  a  fatty  infiltra¬ 
tion  of  the  fiver.  It  should  be  noted,  however,  that  the  diabetes  is  controlled  only 
at  the  expense  of  fiver  function.  Hence  it  may  be  said  that  “the  diabetes  is  better 
but  the  patient  is  worse.”  The  lack  of  general  well-being  of  patients  under  those 
treatments,  as  compared  to  patients  under  modern  treatment,  may  well  be  ascribed 

to  the  difference  in  the  functional  state  of  the  fiver  (19). 

Toxemic  liver  damage.- Abnormal  dextrose-tolerance  curves  have  been  de¬ 
scribed  as  occurring  in  patients  suffering  from  acute  infectious  diseases  (20).  Sim¬ 
ilar  disturbances  in  carbohydrate  metabolism  have  been  demonstrated  in  experi¬ 
mentally  induced  toxemias  in  animals  (21,  22).  The  “diabetic”  type  of  dextrose- 
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tolerance  curve  obtained  under  these  circumstances  has  been  interpreted  by  some 
as  being  due  to  a  lack  of  endogenous  insulin,  consequent  to  the  functional  impair¬ 
ment  of  the  islands  of  Langerhans  (20).  Others  have  ascribed  the  phenomenon  to 
an  interference  with  the  action  of  the  available  insulin,  whether  of  endogenous  or 
of  exogenous  origin  (23). 

Using  methods  similar  to  those  which  they  employed  in  demonstrating  the 
homeostatic  mechanism  for  blood-sugar  regulation  (chap,  xxi,  p.  248),  Soskin  and 
his  co-workers  (24)  showed  that  toxemia  affects  carbohydrate  metabolism  by  dam¬ 
aging  the  liver  and  interfering  with  its  regulating  mechanism.  Completely  depan- 
creatized  dogs  receiving  a  constant  injection  of  insulin  sufficient  to  maintain  a  con- 

Blood  Sugar 
(Mg.  per 


Fig.  69.— “Diabetic”  tolerance  curve  resulting  from  toxin  in  absence  of  pancreas.  The  dog  received 

throughout  the  experiment  a  constant  injection  of  dextrose  plus  insulin  just  sufficient  to  maintain  the 

-?rgar  c°nstant,lervel;  P  indicates  the  administration  of  the  test  sugar  and  T  the  administration 
01  the  toxin.  (Soskin  et  al.  [24].) 


stant  normal  blood-sugar  level  were  rendered  toxemic  by  the  intravenous  adminis¬ 
tration  of  diphtheria  toxin.  Figure  69  shows  that  such  animals  exhibit  normal  dex¬ 
trose-tolerance  curves  before,  and  “diabetic”  curves  after,  toxin  administration. 

ence  the  abnormal  tolerance  curves  cannot  be  ascribed  to  an  effect  of  the  toxin 
on  the  pancreas.  There  is  also  direct  in  vitro  evidence  of  the  influence  of  toxins  on 
carbohydrate  metabolism  in  the  liver  (25). 

Although  the  “diabetic”  type  of  dextrose-tolerance  curve  is  usually  obtained  in 
oxemic  states,  Althausen  and  others  (26)  have  shown  that  in  less  acute  toxemias 
where  there  was  a  longer  survival  period,  the  “diabetic”  type  of  curve  may  give 
way  to  the  supernormal”  before  death  intervenes.  Clinically  this  varLtion  in  lhe 
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abnormal  curve  caused  by  liver  damage  has  been  described  by  Judd  et  al.  (27) ;  and 
it  is  well  known  that  “diabetic,”  “supernormal,”  and  even  “normal”  dextrose-tol¬ 
erance  curves  may  be  obtained  in  cases  of  liver  injury  without  apparent  relation 
to  the  degree  of  liver  damage  as  judged  by  clinical  or  pathologic  criteria.  Indeed, 
this  lack  of  correlation  has  been  reported  by  Mann  (28)  as  also  applying  to  other 
tests  of  liver  function.  However,  the  foregoing  variations  in  response  are  not  as 
haphazard  as  they  appear  but  depend  upon  the  stage  or  degree  of  liver  damage 
which  exists  at  the  time  the  test  is  performed. 

When  a  slowly  progressive  toxemia  is  induced  in  experimental  animals  and  tol¬ 
erance  curves  are  repeated  consecutively  to  the  point  of  death  (29),  a  definite  and 
predictable  sequence  of  tests  is  obtained,  as  shown  in  Figure  70.  The  first  effect  of 
the  toxin  is  to  cause  a  “diabetic”  type  of  curve.  As  the  toxemia  progresses,  there  is 
a  reversal  of  effect,  so  that  the  curves  appear  to  be  more  and  more  “normal.”  As 
death  approaches,  there  is  a  sudden  change  back  to  the  “diabetic”  type  of  re¬ 
sponse.  The  sequence  of  events  portrayed  in  Figure  70  was  obtained  when  0.9  gm. 
of  dextrose  per  kilogram  of  body  weight,  administered  intravenously,  was  used  as 
the  test  dose  of  sugar.  The  significance  of  the  responses  becomes  apparent  only 
when  they  are  compared  with  those  obtained  using  smaller  and  larger  test  doses. 
When  this  is  done,  it  becomes  evident  that  the  “diabetic”  curves  obtained  in  early 
toxemia  are  due  to  an  impairment  of  the  responsiveness  of  the  hepatic  homeostatic 
mechanism,  for  at  this  stage  a  small  test  dose  of  sugar  (0.25  gm/kg)  yields  an  earli¬ 
er  and  more  “diabetic”  response  than  a  large  test  dose  (1.75  gm/kg).  On  the  other 
hand,  the  “diabetic”  type  of  curve  obtained  in  late  toxemia  has  little  relationship 
to  the  homeostatic  mechanism  but  may  rather  be  ascribed  to  advanced  liver  fail¬ 


ure.  At  this  stage  the  animal  responds  to  the  dextrose-tolerance  test  in  a  manner 
similar  to  that  of  the  hepatectomized  animal  (chap,  xxi,  p.  252).  The  small  test 
dose  of  sugar  yields  normal- appearing  curves,  while  the  larger  test  doses  give  pro¬ 
gressively  more  “  diabetic  curves. 

Figure  71  diagrammatically  summarizes  the  progressive  change  in  liver  re- 
sponse  to  administered  sugar.  This  may  be  explained  on  the  basis  that  the  first 
effect  of  a  poison  on  the  liver  is  to  act  as  an  irritant  to  the  glycogenolytic  mecha¬ 
nisms  an  effect  for  which  there  is  considerable  direct  (30)  and  indirect  (24,  25)  sup¬ 
port  It  seems  reasonable  that  such  a  hyperirritability  of  the  liver  cells,  as  regards 
the  pouring-out  of  sugar  into  the  blood,  should  limit  the  extent  to  which  a  given 
rise  hi  blood  sugar  would  inhibit  this  process.  As  the  effects  o  the  toxin  on  the 
liver  progress  to  the  point  of  mortal  damage  to  the  hepatic  cells,  the  latter _  m 
pass  from  the  stage  of  glycogenolytic  hyperirri  lability,  through  n°™ ™reac! 
itv  to  hvpo-irritability  and  death.  Translated  into  terms  of  the  inhibitory  reac 
tion  which  determines  the  character  of  the  dextrose-tolerance  curve,  th.s  cycle  of 
would  be  •  (1)  a  decreased  inhibition  of  glycogenolysis,  yielding  diabetic 
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FiG.  7I — Schematic  representation  of  the  progressive  change  in  liver  response  to  administe^ 
following  toxin  administration.  It  should  be  noted  that  the  four  items  which  are  charted  A,  not  rep  sent 
different  processes  but  are  rather  four  different  aspects  of  the  same  phenomenon.  (Soskin  and  Mirsky 
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istered  sugar,  be  great  enough  to  overcome  the  refractory  state  of  the  organ  when 
a  normal  inhibitory  response  and  therefore  a  normal  tolerance  curve  may  be  ob¬ 
tained;  (2)  a  return  to  the  normal  inhibitory  reaction,  yielding  apparently  normal 
curves;  and  (3)  a  transitory  phase  of  increased  inhibition  of  glycogenolysis,  yield¬ 
ing  supernormal  curves,  which  passes  rapidly  into  the  stage  of  complete  liver  fail¬ 
ure,  with  a  cessation  of  sugar  output  and  the  reactions  of  the  hepatectomized  am- 

mal. 

From  the  practical  standpoint,  it  is  noteworthy  that  a  supposedly  normal  dex¬ 
trose-tolerance  curve  may,  under  appropriate  circumstances,  represent  a  greater 
degree  of  liver  damage  than  a  “diabetic”  curve.  This  probably  accounts  for  the 
difficulty  in  correlating  results  of  dextrose-tolerance  tests  with  the  clinical  or 
pathological  evidence  of  liver  damage.  Such  curves  can  be  more  correctly  inter¬ 
preted  in  the  light  of  the  cycle  of  events  described  above  and  in  conjunction  with 
other  evidence  as  to  the  extent  and  duration  of  the  hepatic  impairment. 

It  is  evident  that  a  series  of  dextrose-tolerance  tests,  performed  at  intervals  dur¬ 
ing  the  course  of  a  hepatic  disorder,  can  yield  information  of  greater  prognostic 
value  than  could  possibly  be  derived  from  any  single  test.  It  is  also  likely  that  a 
comparison  of  tolerance  curves  obtained  with  large  and  small  doses  of  sugar  might 
be  of  clinical  value,  since  in  stage  i  the  large  dose  yields  more  normal  curves  than 
does  the  small  dose,  while  in  stage  3  the  reverse  is  true.  In  general,  stage  1  corre¬ 
sponds  to  the  carbohydrate  abnormalities  observed  in  so-called  “hepatitis”  (31, 
32),  while  the  disturbances  described  for  stage  3  are  seen  in  advanced  hepatic 
cirrhosis  (33,  34). 

Holmes  (25)  has  reviewed  the  in  vitro  observations  upon  the  effects  of  toxin  on 
carbohydrate  metabolism  of  liver.  The  results  of  such  work  confirm  the  experi¬ 
mental  and  clinical  observations  detailed  above.  The  progressive  effects,  demon¬ 
strated  on  liver  slices  and  arranged  in  order  of  time  sequence  or  of  degrees  of 
damage,  are  as  follows:  first,  an  increased  rate  of  glycogenolysis  and  a  decreased 
ability  to  form  glycogen  from  glucose  (sugar  can  still  be  made  from  lactic  and  py¬ 
ruvic  acids  and  from  alanine  but  cannot  be  stored),  and,  second,  a  decreased  abil¬ 
ity  to  convert  the  three-carbon  compounds  into  glucose  and  a  more  or  less  com¬ 
plete  loss  of  the  ability  to  form  glycogen. 


THE  INTRAVENOUS  DEXTROSE-TOLERANCE  TEST  FOR  LIVER  DYSFUNCTION 

The  important  influence  of  the  state  of  the  liver  on  blood-sugar  regulation 
makes  it  desirable  to  be  able  to  differentiate  between  hepatic  and  endocrine  dis¬ 
turbances.  There  have  been  a  number  of  investigators  who  have  reported  that  the 
oral  dextrose-tolerance  curve  is  abnormal  in  liver  disease,  but  no  characteristics 
which  would  distinguish  such  a  curve  from  that  obtained  in  diabetes  mellitus  have 

teT  Wt  TlK  (ai’  'f'  Ufng  a  standardi“d  intravenous  procedure  for  the 
test,  Soskin  and  his  co-workers  (35)  have  recently  been  able  to  obtain  curves  from 
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normal  individuals,  patients  with  known  liver  disease,  and  patients  with  mild  dia¬ 
betes  mellitus,  respectively,  which  are  characteristic  for  each  condition  and  which 
can  be  differentiated  from  each  other.  The  procedure,  which  must  be  followed  ex¬ 
actly  if  their  standards  are  to  be  used,  is  as  follows:  The  test  is  done  in  the  morn¬ 
ing  before  breakfast.  One-third  gram  of  dextrose  per  kilogram  of  body  weight,  in 
a  50  per  cent  aqueous  solution,  is  injected  intravenously  within  a  period  of  3-5 
minutes.  Blood  samples  are  taken  before  the  sugar  administration  and  at  1, 
and  2  hours  thereafter.  These  investigators  used  capillary  blood  obtained  by 


Blood  Sugar 
(Mg.  per  Cent) 


finger-puncture,  and  the  micromodification  of  the  Somogyi-Shaffer-Hartmann 

method  for  true  blood  sugar.  lc 

Figure  72  shows  the  average  curves  for  30  normal  control  individuals,  25  of 

mildest  cases  of  diabetes  mellitus  which  were  available  (none  had  a  fasting  oo  - 
sugar  level  over  200  mg.  per  cent  and  none  required  insulin  for  the  control  of  the 
diabetes)  and  50  cases  of  mild  or  early  liver  disease  (clinically  established  and 
corroborated  by  several  laboratory  criteria).  The  wide  spread  between  the  three 
types  of  curve  and  the  ease  with  which  they  can  be  differentiated  is  aPP"en‘-As 
regards  the  variation  between  the  individual  tests  which  go  to  make  up  the 
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age  curves,  not  a  single  one  of  the  30  normal  cases  took  as  much  as  60  minutes  to 
return  to  the  pre-injection  level.  This  agrees  with  the  normal  standard  previously 
reported  by  Tunbridge  and  Allibone  (36).  Not  a  single  one  of  the  25  cases  of  mild 
diabetes  took  less  than  120  minutes  to  return  to  the  initial  level.  Not  a  single  one 
of  the  50  cases  of  mild  or  early  liver  disease  took  as  long  as  120  minutes  to  return 
to  the  pre-injection  level,  although  13  of  the  50,  or  approximately  25  per  cent  of 
these  cases,  did  cross  the  base  line  in  less  than  60  minutes. 

It  might  appear,  at  first  glance  from  the  average  curves,  that  the  differentiation 
between  the  diabetic  and  hepatic  type  can  just  as  readily  be  made  from  the  higher 


Fig.  73-  Individual  intravenous-dextrose-tolerance  curves  in  cases  of  diabetes  and  of  liver  disease 
which  happened  to  start  at  identical  fasting  blood-sugar  levels.  The  characteristic  downslopes  and  the 
times  of  return  to  the  pre-injection  levels  ;  re  the  criteria  for  differentiation.  (Soskin  [35].) 


initial  level  and  the  higher  peak  value  of  the  former.  This  is  not  so  when  individual 
curves  are  considered.  The  characteristics  of  the  average  curves  depend  upon  the 
fact  that  more  of  the  diabetic  curves  started  at,  and  reached,  higher  levels.  How¬ 
ever,  the  range  of  these  values  in  diabetes  and  in  liver  disease  actually  overlapped 
to  some  extent.  Figure  73  shows  that,  when  this  was  the  case,  the  characteristic 
ownward  slope  of  the  curve  and  the  time  at  which  it  crossed  the  base  line  were 
the  real  differentiating  factors.  The  curves  in  Figure  73  are  for  individual  cases  of 

/  I  TT’  SekCted  beCaUSe  thCy  haPP£ned  t0  sta«  ^  identical 
fasting  blood-sugar  levels.  It  may  be  seen  that,  while  the  initial  levels  and  highest 

peaks  did  not  distinguish  between  the  two  conditions,  the  characteristic  down- 

ope  and  time  of  return  to  the  pre-injection  level  permitted  easy  distinction 
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THERAPEUTIC  USE  OF  HIGH  CARBOHYDRATE  DIETS  IN  LIVER  DISEASE 


Since  Rosenbaum  (37)  in  1882  called  attention  to  the  depletion  of  hepatic  gly¬ 
cogen  following  chloroform  narcosis,  arsenic  or  phosphorus  poisoning,  and  exces¬ 
sive  administration  of  morphine,  there  has  been  adequate  confirmation  of  the  fact 
that  a  damaged  liver  contains  little  glycogen  (38).  Concomitant  with  the  loss  of 
glycogen,  fatty  changes  appear  in  the  liver  after  exposure  to  these  hepatotoxic 
agents.  Rosenfeld  (39)  observed  that  animals  fed  carbohydrate  are,  in  general,  less 
susceptible  to  any  drug  which  produces  accumulations  of  fat  in  the  liver.  Further¬ 
more,  after  such  poisonings  the  feeding  of  dextrose  aids  recovery  of  the  animal. 
Since  the  early  reports  of  Whipple  and  Sperry  (40),  Opie  and  Alford  (41),  and 
Graham  (42)  on  the  resistance  to  chloroform  or  phosphorus  poisoning  of  animals 
fed  large  amounts  of  carbohydrate  or  animals  with  livers  containing  large  stores  of 
glycogen,  there  have  been  many  similar  observations  (43).  The  protective  action 
of  a  high-carbohydrate  intake  has  also  been  noted  in  the  prevention  of  hepatic 
damage  following  experimental  ligation  of  the  common  bile  duct  (44),  operation 
for  Eck  fistula  (45),  partial  hepatectomy  (46),  and  experimental  poisoning  with 
the  mushroom  Amanita  phalloides  (47). 

The  various  demonstrations  of  the  lifesaving  action  of  high  carbohydrate  intake 
on  animals  with  experimentally  damaged  livers  have  been  paralleled  by  clinical  ex¬ 
plorations  of  the  therapeutic  and  prophylactic  possibilities  of  administration  of 
dextrose  to  patients  with  diseases  of  the  liver  (48,  49,  50,  51).  The  earlier  clinical 


work  was  lacking  in  striking  results  because  of  general  failure  to  use  sufficiently 
large  amounts  of  carbohydrate.  The  recent  experimental  results  obtained  by  Boll- 
man  and  his  co-workers  have  emphasized  the  therapeutic  possibilities  when  ade¬ 
quate  carbohydrate  is  administered  (52). 

As  regards  the  influence  of  the  other  major  foodstuffs  on  liver  disease,  it  is  gen¬ 
erally  agreed  that  high-fat  diets  are  harmful;  but  there  has  been  some  work  which 
purports  to  show  that  high-protein  diets  are  as  good  or  better  than  high-carbohy¬ 
drate  diets.  There  is  good  evidence  that  in  certain  specific  types  of  poisoning, 
namely,  those  due  to  selenium  (53)  and  arsphenamine  (54),  protein  is  definitely 
superior  to  carbohydrate  in  protective  value.  Indeed,  in  the  exceptional  case  of 
sodium  cyanide  poisoning,  high-fat  intake  is  better  than  either  protein  or 
carbohydrate  (55).  However,  the  evidence  upon  which  the  general  superiority  of 
protein  is  claimed  is  open  to  serious  question.  An  examination  of  the  data  of  Rav- 
din  and  his  co-workers  (56,  57)  reveals  that  most  of  their  comparisons  were  made 
between  animals  fed  diets  high  in  carbohydrate  but  inadequate  in  protein  content 
and  animals  given  very  high-protein-low-carbohydrate  diets.  A  fairer  basis  of  com¬ 
parison  is,  of  course,  adequate-protein-high-carbohydrate  versus  high-protein- 

low-carbohydrate.  Table  38  summarizes  such  a  comparison  (made  in  the  aut 
laboratory)  for  carbon  tetrachloride  poisoning  in  rats.  It  may  be  seen  t 

the  adeqmite-protein-high-carbohydrate  diet  was  definitely  superior  in  Wesavi  g 
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effect  to  both  the  high-fat  and  the  high-protein  diets.  Chemical  examination 
showed  a  correspondingly  higher  glycogen  content  of  those  poisoned  animals  which 

had  been  on  the  high  carbohydrate  diet. 

It  seems  fair  to  conclude  that,  except  in  those  instances  where  protein  seems  to 

exert  a  specific  action,  its  value  depends  upon  its  glycogenic  and  lipotropic  proper¬ 
ties.  Hence  an  adequate-protein-high-carbohydrate  diet  is  generally  applicable.  In 
using  such  a  diet,  the  increased  requirements  for  the  vitamins  of  the  B  complex 
should  be  satisfied.  And  in  this  connection  it  is  important  to  note  that  large 
amounts  of  carbohydrate,  together  with  a  high  dosage  of  thiamine,  would  tend  to 
produce  fatty  livers  (58)  unless  counterbalanced  by  an  adequate  intake  of  choline 
or  lipotropic  amino  acids. 

Even  this  brief  survey  of  the  subject  points  up  the  incompleteness  of  our  pres¬ 
ent  knowledge,  especially  as  regards  the  particular  effects  of  the  various  toxins  en- 

TABLE  38 

Superiority  of  High-Carbohydrate-Adequate-Protein  Diet 
in  the  Treatment  of  Carbon  Tetrachloride  Poisoning 
(Mattar  and  Taubenhaus  [hi]) 


ft 

Type  of  Diet 

No.  OF 
Rats 

Survival 

(Days) 

Liver 

(All  Values  in  Gm.  per  Cent) 

Glycogen 

Fat 

Protein 

Nitrogen 

High  fat . 

12 

12 

0.  58 

10.  86 

2.  1(0 

High  protein . 

12 

17 

I.  67 

5.  68 

2.  34 

High  carbohydrate . 

12 

28 

2.  27 

6.  06 

2.  66 

countered  clinically.  A  systematic  study  of  these  and  of  the  specific  dietary  com¬ 
binations  which  are  most  effective  in  each  case  is  certainly  in  order  (59,  60). 


PHYSIOLOGIC  BASIS  OF  INTRAVENOUS  DEXTROSE  THERAPY  FOR 

DISEASES  OF  THE  LIVER 

On  the  basis  of  Rosenbaum’s  observations  and  Rosenfeld’s  theories,  Beddard 
(61)  had  suggested,  as  early  as  1908,  that  dextrose  be  used  clinically  in  large  quan¬ 
tities  to  restore  the  depleted  reserves  of  hepatic  glycogen  in  cases  of  delayed  poison¬ 
ing  after  chloroform  anesthesia.  In  addition  to  the  administration  of  dextrose  by 
mouth  and  by  rectal  enemas,  Beddard  advised  the  intravenous  use  of  a  6  per  cent 
solution  It  is  only  recently,  however,  that  the  general  introduction  of  adequate 

fnmTiqer?y  °r  hePT  dlS6aSe  haS  been  sh0Wn  t0  Produce  a  definite  decrease 
mortality.  In  a  series  of  cases  in  which  acute  hepatic  insufficiency  was  treated 

wi  h  varying  amounts  of  carbohydrate  given  by  mouth  and  intravenously,  Jones 
(5I)  f°Und  that  ln  a  SrouP  °f  cases  observed  from  ,922  to  ,9,5,  in  which  the 
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patients  were  given  a  diet  low  in  fat  and  supposedly  high  in  carbohydrate,  the 
mortality  was  90  per  cent.  In  only  two  instances  was  dextrose  administered  intra¬ 


venously.  In  the  next  five  years,  with  diets  somewhat  higher  in  carbohydrates 
(3°°-400  gm.  daily)  but  with  intravenous  administration  of  dextrose  in  only  four 
instances,  there  was  100  per  cent  mortality  in  14  cases.  However,  in  the  years 
I93°~35^  when  dextrose  therapy  was  vigorous,  32  patients  were  treated  with  diets 
containing  400-500  gm.  of  carbohydrate  daily,  26  of  them  receiving  dextrose  in¬ 
travenously,  and  the  mortality  was  lowered  to  63  per  cent.  This  author  concluded: 
“The  more  intensive  the  glucose  therapy,  the  better  the  prognosis.” 

Despite  these  empiric  observations,  some  difference  of  opinion  still  exists  con¬ 
cerning  the  advantages  of  intravenous  administration  of  dextrose  if  the  patient  can 
take  the  necessary  dextrose  or  carbohydrate  by  mouth  (62).  But  it  should  be 
pointed  out  that  the  necessary  amount  of  carbohydrate  is  supplied  by  the  amount 
of  dextrose  sufficient  to  raise  the  blood  sugar  to  a  level  which  will  suppress  the 
output  of  hepatic  sugar.  Whereas  the  normal  liver  will  respond  to  the  usual  post¬ 
prandial  hyperglycemia,  the  “irritable”  liver  in  acute  toxemia  may  require  a  much 
higher  concentration  of  blood  sugar  to  inhibit  the  formation  of  hepatic  sugar. 
That  this  is  so  was  seen  in  the  experiments  previously  described  (p.  270)  in  which 
there  was  a  prompt  response  of  the  acutely  poisoned  liver  in  curtailing  its  output 
of  sugar  when  large  doses  of  dextrose  were  given  intravenously,  while  small  doses 
had  little  or  no  effect  (29). 

Furthermore,  as  Cori  and  Cori  (63)  have  pointed  out  concerning  the  normal 


liver,  “the  blood  sugar  concentration  and  not  the  amount  of  glucose  administered 
must  be  regarded  as  important  for  the  rate  of  glycogen  deposition  in  the  liver. 
Consequently,  when  an  attempt  is  made  to  protect  a  damaged  liver  by  means  of 
deposition  of  glycogen  therein,  the  blood-sugar  concentration  may  have  to  be 
raised  to  a  level  which  it  may  not  be  possible  to  obtain  by  feeding  carbohydrates. 
In  such  cases  intravenous  infusion  of  dextrose  is  essential.  The  fact  that  extreme 
hyperglycemia  so  produced  may  result  in  glycosuria  should  not  deter  one  from 
such  vigorous  therapy.  As  a  matter  of  fact,  this  treatment  has  been  successfully 
applied  in  diabetic  patients  with  manifest  or  suspected  liver  disease  (64). 

Because  of  the  glycosuria  which  may  result  from  intravenous  dextrose  therapy, 
some  physicians  favor  the  routine  use  of  insulin  with  the  sugar.  However,  it 
should  be  pointed  out  that,  unless  the  patient  is  diabetic,  the  mdiscnmmate  use  o 
insulin  may  defeat  the  very  purpose  for  which  the  dextrose  is  administered  We 
have  already  referred  to  the  evidence  that,  in  the  presence  of  sufficient  insulin 
maintain  a  normal  constant  blood-sugar  level,  no  additional  insulin  13  ° 

obtain  a  normal  hepatic  response  to  administered  sugar  65).  Hence,  th  j 
of  insulin  into  a  non-diabetic  person  can  produce  no  additional  hepatic  effect 
though  it  does  cause  increased  storage  of  glycogen  in  the  muscles,  n  ge 
shown  that  the  administration  of  a  certain  amount  of  sugar  intravenous  y 
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mal  rabbits  resulted  in  higher  levels  of  liver  glycogen  when  it  was  giveii  by  itself 
than  when  insulin  was  injected  simultaneously.  This  occurred  despite  the  fact  t  a^ 
the  insulin  caused  no  lowering  of  the  blood-sugar  level.  When  the  proportions  of 
administered  sugar  and  insulin  are  such  that  a  lowering  of  the  blood  sugar  results, 
the  liver  is  actually  stimulated  to  pour  out  more  sugar  and  is  deprived  of  glycogen 
rather  than  replenished  with  it.  Soskin,  Allweiss,  and  Mirsky  (29)  have  shown 
that  the  use  of  insulin  with  dextrose  in  the  treatment  of  toxic  non-diabetic  ani¬ 
mals  shortens  life;  animals  receiving  dextrose  alone  live  longer. 

After  prolonged  intravenous  injections  of  dextrose,  designed  to  suppress  the 
sugar-producing  mechanism  of  the  liver,  the  organ  requires  an  interval  to  recovei 
from  the  inhibition  of  dextrose  formation,  so  that  hypoglycemia  may  appear  from 
1  to  3  hours  after  the  cessation  of  the  infusion  (67).  This  should  be  anticipated  and 
treated  with  small  doses  of  carbohydrate  by  mouth,  or  intravenously  if  necessary. 


CLINICAL  KETOSIS 


Table  39  lists  the  abnormal  physiological  states  and  the  clinical  conditions  in 
which  ketosis  is  encountered.  It  also  indicates  the  particular  causative  factors  in¬ 
volved  in  each  instance.  As  we  have  seen  from  the  previous  discussion  in  chapter  x, 
the  fundamental  disturbance  underlying  all  ketosis  is  a  relative  or  absolute  lack  of 
carbohydrate  in  the  liver  leading  to  an  excessive  breakdown  of  fat.  However,  the 
conditions  leading  to  this  fundamental  disturbance  can  be  divided  into  three  sub¬ 
groups,  according  to  the  manner  in  which  it  is  brought  about,  namely,  (a)  dis¬ 
turbances  in  food  intake,  ( b )  impairment  of  liver  function,  and  (c)  endocrine  dis¬ 
orders.  It  will  be  noted  that  there  are  a  number  of  question  marks  in  the  table. 
These  are  applied  to  certain  of  the  endocrine  mechanisms  to  indicate,  not  only  our 
fragmentary  knowledge  as  to  the  way  in  which  they  operate,  but  also  our  lack  of 
complete  assurance  that  they  operate  at  all  in  a  particular  condition.  With  these 
reservations,  however,  Table  39  completely  relates  clinical  ketosis  with  our  pre¬ 
vious  physiological  considerations.  Certain  key  references  to  more  detailed  con¬ 
sideration  of  the  several  conditions  are  also  included  in  the  table. 

Von  Gierke’s  disease  and  diabetes  mellitus  require  some  additional  comment. 
The  former  is  exceptional  in  that  it  is  the  only  condition  in  which  ketosis  is  associ- 
ated  with  large  stores  of  glycogen  in  the  liver.  But  this  glycogen  is  not  available 
for  use,  as  ts  also  evident  from  the  fact  that  there  is  a  low  blood-sugar  level  In 
Table  39  the  glycogen  in  von  Gierke’s  disease  was  therefore  labeled  “abnormal.” 
In  reality,  it  is  more  likely  that  the  glycogen  itself  does  not  differ  from  that  found 
m  normal  livers  but  that  the  hepatic  enzyme  systems  are  abnormal,  with  a  conse¬ 
quent  inability  to  mobilize  the  glycogen.  The  net  result,  as  far  as  the  organism  is 

Uwm'he  n  u  H thC  g^°gen  Were  abSent'  As  regards  diabetes  mellitus, 
;t  w  11  be  noted  that  the  factor  of  insulin  lack  is  designated  “relative  or  absolute.” 

This  is  because,  unlike  experimental  pancreatic  diabetes,  we  still  do  not  know 
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whether  in  human  diabetes  mellitus  there  is  an  actual  deficiency  of  insulin  or 
whether  there  is  an  excess  of  opposing  endocrine  factors.  From  the  practical  thera¬ 
peutic  viewpoint,  this,  of  course,  makes  little  difference,  since  in  either  case  the 
administration  of  exogenous  insulin  will  temporarily  restore  the  disturbed  endo¬ 


crine  balance. 

Secondary  effects  of  ketosis.— It  is  not  at  all  certain  whether  the  occurrence  of 
ketone  bodies  in  the  blood  and  urine  is  in  itself  harmful.  The  evidence  as  to  the 
toxicity  of  acetoacetic  acid  is  contradictory,  to  say  the  least  (77)*  that  as  it 
may,  it  is  clear  that  the  appearance  of  the  ketones  in  excess  of  the  amounts  which 
can  be  metabolized  by  the  peripheral  tissues  sets  into  motion  a  vicious  cycle  with  a 
number  of  harmful  secondary  effects.  The  fact  that  the  ketones  are  organic  acids 
necessitates  their  neutralization  by  sodium  to  preserve  the  normal  pH  range  of  the 
blood  and  to  enable  their  excretion  by  the  kidney.  The  ketonuria  is  therefore  ac¬ 
companied  by  a  loss  from  the  body  of  fixed  base  and  water.  Further  loss  of 
chloride  results  from  the  vomiting  which  often  accompanies  ketosis.  All  these 
factors  lead  to  dehydration  and  hemoconcentration,  which,  together  with  the  loss 
of  salts,  result  in  an  impairment  of  kidney  function.  When  this  occurs,  the  ability 
of  the  body  to  metabolize  and  otherwise  deal  with  the  ketoacids  rapidly  diminishes, 
and  there  begins  a  shift  in  the  pH  of  the  blood  to  an  extent  incompatible  with  con¬ 
sciousness  and  life. 

The  post-mortem  findings,  in  individuals  in  whom  ketosis  was  the  predominat¬ 
ing  cause  of  death,  support  our  analysis  of  the  pathological  physiology.  There  are 
no  specific  organic  lesions  to  be  found.  There  is  a  cerebral  capillary  dilatation, 
perivascular  edema,  and  acute  degenerative  changes  in  the  cells  of  various  parts  of 
the  central  nervous  system.  The  findings  in  other  parts  of  the  body  are  those 
which  are  also  seen  in  acute  exsanguinating  hemorrhage  and  in  congestive  heart 
failure.  In  general,  therefore,  the  tissue  pathology  might  very  well  be  accounted 
for  by  acidosis,  dehydration,  hemoconcentration,  and  cerebral  anoxia. 

The  treatment  of  ketosis—  For  purposes  of  treatment,  another  classification  of 


states  of  clinical  ketosis  may  be  made — namely,  diabetes  mellitus,  on  the  one 
hand,  and  all  other  conditions,  on  the  other  hand.  Diabetes  is  the  only  condition 
in  which  the  original  disturbance  is  a  relative  or  absolute  lack  of  insulin  -  and  in 
diabetes  the  most  essential  part  of  the  treatment  is  the  early ,  adequate ,  and  persistent 
administration  of  insulin.  This  treatment  will,  of  course,  be  rendered  more  effec¬ 
tive  by  the  simultaneous  administration  of  adequate  amounts  of  carbohydrate 
water,  and  salt.  But  the  need  for  the  hormone  is  paramount. 

It  is  equally  important  to  remember  that  in  non-diabetic  ketosis  the  adminis- 

herl  m  ?n  d°  no  food  and  may  d°  harm.  The  cardinal  principle  of  the 

h,  ,Py, 0  ketosls  ls  to  suPP'y  amPle  carbohydrate  to  the  liver  under  conditions  in 
w  ich  this  ocgan  «m  store  it  as  glycogen.  Insulin  is  necessary  to  accomplish  this 
purpose  in  the  diabetic  organism.  The  non-diabetic  organJalready  has  an  op- 
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timal  amount  of  insulin  available  for  this  purpose,  and  any  exogenous  insulin 
which  is  administered  is  in  excess  of  this  optimal  amount.  Excess  insulin  has  been 
shown  to  lower  the  level  of  glycogen  in  the  normal  liver  and,  when  administered 
with  carbohydrate,  will  result  in  a  smaller  increase  in  liver  glycogen  than  would 
have  been  caused  by  giving  the  same  amount  of  sugar  alone  (p.  278).  In  this  para¬ 
doxical  sense,  then,  administered  insulin  may  be  regarded  as  a  ketogenic  factor 
in  the  normal  animal  and  should  not  be  used  in  the  treatment  of  non-diabetic 
ketosis. 

The  operation  of  the  vicious  cycle  initiated  by  ketosis  must  be  kept  in  mind 
constantly,  for  the  dehydration,  hemoconcentration,  and  hypochloremia  can  affect 
the  liver  to  a  degree  where  it  cannot  use  the  carbohydrate  which  is  being  proffered 
to  it.  Thus,  when  these  complications  of  ketosis  have  advanced  to  any  considerable 
degree,  their  relief  may  be  quite  as  urgent  a  matter  as  the  administration  of  insulin 
in  diabetes  and  of  carbohydrate  in  non-diabetic  ketosis.  In  these  advanced  states, 
therefore,  the  therapy  of  the  primary  derangement  and  its  complications  must  be 
simultaneous  rather  than  consecutive. 

To  revert  to  the  classification  in  Table  39  for  some  comment  about  particular 
states  of  ketosis,  the  conditions  listed  under  “Disturbances  in  Food  Intake”  can, 
in  general,  be  corrected  by  normalizing  the  intake.  The  acetonemic  vomiting  of 
children  and  that  of  pregnancy  present  special  problems  which  may  have  to  be 
overcome  by  the  parenteral  administration  of  carbohydrate  and  fluids  until  the 
vicious  cycle  is  broken. 

The  conditions  classified  under  “Impairment  of  Liver  Function”  (von  Gierke’s 


disease  excepted)  present  the  special  difficulty  that  it  may  require  very  high  con¬ 
centrations  of  sugar  in  the  blood  to  secure  adequate  hepatic  storage  of  glycogen 
(p.  278).  It  is  sometimes  possible  to  effect  the  necessary  hyperglycemic  level  only 
by  the  intravenous  administration  of  the  sugar.  As  regards  the  ketosis  which  may 
accompany  fever,  the  infectious  diseases,  anesthesia,  and  advanced  circulatory 
failure,  prevention  is,  of  course,  much  better  than  cure;  and  there  are  ample  refer¬ 
ences  in  the  literature  to  the  value  of  a  high  carbohydrate  regimen  in  these  condi¬ 
tions.  Nothing  is  known  concerning  the  treatment  of  von  Gierke’s  disease;  but, 
fortunately,  ketosis  is  not  an  important  part  of  this  syndrome. 

Of  the  endocrine  causes  of  ketosis,  diabetes  mellitus  is  the  only  one  of  clinical 
significance.  The  paramount  importance  of  insulin  therapy  in  this  type  of  ketosis 

has  already  been  stressed.  ,  , 

When  carbohydrate  administration  to  supplement  insulin  therapy  is  advoca  e 

for  the  treatment  of  diabetic  coma,  it  is  often  objected  that  the  comatose  person 
is  already  saturated  with  sugar,  so  that  the  administration  of  more  carbohydrate 
useless.  A  little  simple  arithmetic  will  show  that  this  concep 'J^roneo 
/icf)  The  stores  of  glycogen  of  such  a  person  are  negligi  .  .  . 

Sc S  thaTwhfch  is  present  in  the  blood.  The  accompanying  calculation 
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clearly  shows  the  inadequacy  of  this  extracellular  sugar,  as  compared  to  the 
amount  necessary  to  replenish  his  stores  of  glycogen  and  supply  his  caloric  require¬ 
ments,  as  the  carbohydrate  metabolism  reverts  to  normal  under  the  influence  of 
insulin. 

It  is  evident  that  almost  500  gm.  of  carbohydrate  must  be  administered  to  this 
hypothetic  person  during  the  first  24  hours  of  treatment  and  about  one-half  of  that 
amount  during  subsequent  days,  in  order  to  maintain  normal  stores  of  glycogen 
and  carbohydrate  metabolism. 

The  clinical  literature  on  the  treatment  of  ketosis,  and  of  diabetic  ketosis  in 
particular,  contains  a  number  of  suggested  systems  of  treatment  which  specify  the 
amounts  of  insulin,  carbohydrate,  water,  and  salts  and  the  intervals  for  their  ad- 


TABLE  40 

Carbohydrate  Required  To  Restore  a  Comatose  Diabetic  Person  to 
Normal  by  the  End  of  the  First  24  Hours  of  Treatment 
with  Insulin  (Soskin  and  Levine  [107]) 

Subject:  A  man  weighing  70  kg.,  with  a  liver  weighing  1,800  gm.,  muscle  weighing 
35  kg.,  and  21  liters  of  blood  and  extracellular  fluid. 


Diabetic 

Normal 

(Gm.) 

(Gm.) 

Liver  glycogen . 

108  (6.0%) 

Muscle  glycogen .... 

245  (0.7%) 

Extracellular  sugar . 

74  (0.35%) 

00 

0 

M 

153 

370 

Carbohydrate  requirement  for  replenishment  of  stores 

153 

217 

Carbohydrate  requirement  for 

24-hour  utilization  (based  on 

50%  of  2,100  cal.) . 

Total . 

*u3 

lo  gm. 

ministration  favored  by  the  particular  author.  Each  and  all  of  these  systems  of 
treatment  are  good  if  followed  conscientiously,  with  an  understanding  of  the  basic 
principles  involved,  and  until  the  desired  ends  are  attained.  In  so  far  as  all  systems 
of  treatment  tend  to  become  mechanical  and  are  likely  to  be  followed  routinely 
without  individualization  for  the  special  needs  of  a  particular  patient,  they  are  aU 
a.  For  example,  a  diabetic  child  with  an  infection,  who  has  been  precipitated 

ah  CA0mUdVeldni24H  hr!’may  mUCh  inSuHn  and  su8ar  but  little  » 

salt  A  mild  elderly  diabetic,  on  the  other  hand,  may  go  into  coma  as  a  result  of 

£  r  “ent,  during  which  time  there  is  extreme  loss  of  water 

system  L  the  t ’  ‘he ‘ntention  of  the  P^sent  authors  to  offer  another 
ystem  for  the  treatment  of  diabetic  coma.  Instead,  it  is  urged  that  with  the 

physiologic  facts  in  mind,  treatment  be  directed  toward  the  ,  •  ,  ’  ,  h 

have  been  outlined  and  that  the  treatment  h  Varlous  fact0rs  whlch 

tne  treatment  be  vigorous,  continuous,  and  main- 
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tained  until  the  simple  clinical  and  laboratory  evidences  of  ketosis,  dehydration, 
hemoconcentration,  and  hypochloremia  have  been  abolished. 


INSULIN  RESISTANCE 


In  a  number  of  clinical  conditions  the  response  of  a  patient  to  a  given  dose  of 
insulin  is  less  than  that  obtained  in  a  normal  individual.  Diabetic  patients  who 
were  formerly  well  controlled  by  a  small  dose  of  insulin  may,  with  the  advent  of 
one  of  those  clinical  states,  be  poorly  controlled  even  with  very  large  insulin 
dosages.  This  phenomenon  has  been  commonly  referred  to  as  “insulin  resistance.” 

It  is  difficult  to  define  normal  insulin  sensitivity  very  exactly,  and  there  is  no 
general  agreement  as  to  just  how  abnormal  the  response  must  be  in  extent  and  du¬ 
ration  to  be  called  “insulin  resistance.”  Lawrence  (89)  has  reserved  the  term  for 
instances  in  which  the  etiology  is  unknown.  Strouse  and  his  co-workers  (90)  in 
their  recent  review  of  the  subject  chose  to  restrict  their  definition  to  cases  of  known 
or  unknown  etiology  in  which,  after  48  hours’  observation,  200  or  more  units  of 
insulin  could  be  administered  without  an  appreciable  lowering  of  the  blood  sugar. 

The  various  disturbances  which  might  diminish  the  normal  action  of  insulin 
may  be  listed  as  follows: 


1.  Poor  absorption  from  the  subcutaneous  tissues 

2.  Abnormally  rapid  destruction  of  the  insulin  in  the  skin,  blood,  or  other  tissues 

3.  Overactivity  of  the  physiological  antagonists  to  insulin,  particularly  the  hormones  of  the  an¬ 
terior  pituitary,  adrenal  cortex,  and  thyroid  glands 

4.  Infections,  toxemia,  and  liver  disease,  i.e.,  conditions  in  which  the  liver  does  not  respond  nor¬ 
mally  to  its  endocrine  regulators 

5.  Unusual  antibody  formation  to  insulin  or  to  other  proteins  present  in  insulin  preparations 


Various  clinical  cases  have  been  reported  in  the  medical  literature  in  which  one 
or  another  of  the  above  factors  have  been  supposed  to  operate.  But  there  is  little 
good  evidence  that  the  suspected  factor  was  actually  responsible,  and  our  knowl¬ 
edge  of  mechanisms  is  incomplete  and  is  derived  partly  from  clinical  observation 

and  partly  from  animal  experimentation. 

Root  and  his  co-workers  (91)  followed  insulin  absorption  from  the  subcutaneous 
tissue  by  preparing  a  compound  of  insulin  with  radioactive  iodine.  This  com¬ 
pound  did  not  differ  from  insulin  in  its  physiological  activity,  and  the  quantity 
present  in  an  area  in  which  it  had  been  injected  could  be  estimated  from  the  e- 
gree  of  radioactivity.  They  found  that  their  insulin  compound  was  absorbed  muc 
more  slowly  from  the  subcutaneous  tissues  of  diabetic  patients  manifesting  insu  m 
resistance  than  from  the  skin  of  other  diabetic  patients.  The  absorptive  factor  in 
the  insulin-resistant  cases  was  confirmed  by  the  fact  that  they  responded  smartly 

to  insulin  administered  by  the  intravenous  route. 

Some  instances  have  been  reported  in  which  the  blood  serum  of  msu i  in-r  t  t 

r^tipnts  has  been  injected  into  test  animals  together  with  insulin  (9  ,  93)- 
mixture  caused  lesseffect  on  the  blood  sugar  than  did  a  mixture  of  normal  human 
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serum  and  insulin.  This  has  usually  been  interpreted  as  indicating  the  presence  of 
an  anti-insulin  factor  in  the  blood  of  insulin-resistant  individuals.  Such  a  substance 
might  be  an  antibody  of  some  sort,  or  the  effect  might  be  non-specific  and  be  due 
to  an  abnormally  rapid  rate  of  destruction  of  the  added  insulin.  The  possibility  of 
hormonal  antagonists  is  supported  by  the  experimental  evidence  discussed  in 
chapter  xxi  and  by  the  clinical  observations  of  increased  requirement  for  insulin 
by  diabetic  patients  coincidentally  with  the  onset  of  thyroid  or  pituitary  manifes¬ 
tations.  As  regards  the  formation  of  antibodies  to  insulin,  such  cases  occur  but  are 
rare  (94,  95).  However,  it  has  been  observed  that  the  insulin  requirement  of  dia¬ 
betics  is  likely  to  increase  during  the  course  of  any  allergic  manifestations,  even 
though  the  patient  is  not  allergic  to  insulin  itself.  The  reported  cases  of  insulin  re¬ 
sistance  in  which  an  insulin  antagonist  in  the  blood  has  apparently  been  demon- 

AMYLASE  ACTIVITY  PHOSPHORYLATION 


^  Glycogen  ^ 


Dextrins 


Maltose 


Glucose 


l 

Glucose-l-Phosphate 

If 

Glucose-6-Phosphate 


Glucose 


Fig.  74.  Intermediary  substances,  depending  upon  the  mode  of  glycogen oly sis.  (Taubenhaus  and 
Soskin  [99].) 

strated  are  not  accompanied  by  the  type  of  evidence  which  would  permit  a  deter¬ 
mination  of  the  nature  of  the  antagonist  involved. 

Insulin  resistance  is  most  commonly  encountered  in  infections  and  febrile  states. 
The  decreased  effect  of  insulin  has  been  variously  ascribed  to  an  overactivity  of 
the  thyroid  gland  or  the  adrenal  medulla,  to  the  presence  of  trypsin-like  materials 
possibly  liberated  by  the  leukocytes,  and  to  coincident  hepatic  damage  and  dys- 

sXrtiatede(2r29°0)heSe  Van°US  faCtOTS’ the  laSt  SeemS  the  m°St  adeqUatdy 

It  was  formerly  thought  that  hepatic  glycogenolysis  normally  occurred  through 
SSTffTS’  H6  8  yCOgeTn  being/egraded  through  dextrins  to  maltose  and  to 
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the  pancreas;  ( b )  the  small  amounts  of  amylase  found  in  the  liver  and  other  organs 
may  be  regarded  as  traces  of  the  very  active  pancreatic  and  salivary  amylases 
which  have  diffused  into  the  blood  and  throughout  the  system;  and  ( c )  the  amy¬ 
lase  present  in  the  liver  probably  exerts  little  or  no  activity  in  vivo ,  because  of  the 
absence  of  a  sufficient  concentration  of  free  chloride  ions  within  the  hepatic  cells. 
I  hey  concluded  that  the  amylase  found  in  the  liver  is  not  concerned  in  any  normal 
hyperglycemic  mechanism.  More  recently,  Somogyi  (98)  has  analyzed  the  carbo¬ 
hydrates  present  in  normal  liver  and  has  found  only  glycogen  and  dextrose,  with 


Glycogen  Breakdown  in  60  Minutes 
(Minced  Liver  in  Physiological  Saline) 


Glycogenolysis 
(Gm.  per  Cent) 


Fig  7=  —A  comparison  of  the  rates  of  glycogenolysis  in  minced  liver  in  w/ro  when  the  liver  samples 
were  freshly  removed  from  normal  dogs  and  from  the  same  animals  after  the  adm.n.strat.on  of  d.phther^ 
toxin.  The  medium  employed  lacked  the  inorganic  phosphate  necessary  for  the  normal  pathway  of  glyco 
genolysis.  It  may  be  seen  that  the  liver  samples  from  the  toxic  animals  showed  a  rapid  “  ** 

“ogen  despite  the  lack  of  phosphate,  indicating  the  operation  of  the  amylase  system.  (Taubenhaus 

Soskin  [99].) 

no  trace  of  maltose  or  other  non-fermentable  reducing  substance,  such  as  would 
result  from  amylase  activity.  Since  he  has  never  been  able,  by  any  method,  to  ex¬ 
tract  more  amylase  from  the  liver  than  would  correspond  to  the  enzyme  content 
of  the  extracellular  fluid,  Somogyi  has  concluded  that  the  hepatic  cells  contain 

amylase  whatever  glucose  in 

It  is  now  generally  recognized  that  the  steps  Between  g  y  g  6  , 

the  liver  are  mediated  by  phosphorylating  mechanisms  (lug.  74)-  It 
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shown  that  the  rates  of  these  transformations  are  sufficiently  rapid  to  account  for 
even  the  most  intense  forms  of  hyperglycemia  encountered  in  vivo  (97).  It  is  pre¬ 
sumably  upon  these  or  related  phosphorylations  that  insulin  exerts  its  regulatory 
influence  (chap,  xvi),  although  its  exact  point  of  action  is  still  unknown. 

Whether  or  not  some  small  amount  of  inactive  amylase  is  normally  present 
within  the  hepatic  cells,  it  has  been  shown  that  in  the  liver  damaged  by  toxins  the 
normal  barrier  which  excludes  amylase,  or  the  normal  environment  which  in¬ 
hibits  amylase  activity,  is  disturbed.  The  liver  glycogen  is  then  broken  down 
through  this  abnormal  pathway,  as  well  as  by  phosphorolysis.  Since  only  the  nor¬ 
mal  portion  of  this  combined  glycogenolysis  is  subject  to  control  by  insulin,  the 

TABLE  41 


Occurrence  of  Polysaccharides  in  the  Damaged  Liver 
(Taubenhaus  and  Soskin  [99]) 

(All  Values  in  Mg.  per  Cent) 


Dog  No. 

Before  Toxin 

After  Toxin 

Total 

Carbo¬ 

hydrate 

Glyco¬ 

gen 

Free 

Sugar 

Hexose 

Phos¬ 

phate 

Poly¬ 

sac¬ 

charides 

Total 

Carbo¬ 

hydrate 

Glyco¬ 

gen 

Free 

Sugar 

Hexose 

Phos¬ 

phate 

Poly¬ 

sac¬ 

charides 

19 . 

2,433 

2,155 

247 

33-3 

±0 

1,758 

1,185 

312 

39-9 

221 

20 . 

5,486 

5,H2 

392 

53-6 

±0 

3,6i4 

2,634 

293 

63.6 

629 

21 . 

5,624 

5,252 

302 

60.  s 

±0 

1,724 

1,284 

256 

62.  9 

122 

22 . 

3,554 

3,308 

170 

73-8 

±0 

1,320 

895 

200 

84.9 

140 

23  . 

1 ,002 

610 

123 

49-4 

220 

321 

71 

S3 

47.0 

150 

24 . 

6,585 

6,457 

129 

37-6 

ilO 

2,337 

1,853 

245 

33-6 

186 

25 . 

3,7i2 

3,396 

344 

54-3 

iO 

970 

369 

158 

749 

368 

20 . 

3,784 

3,530 

143 

48.  7 

62 

i,575 

1,070 

193 

55-  7 

256 

*  Marked  distemper;  fatty  liver. 


hormone  is  only  partially  effective,  regardless  of  the  dose  employed;  that  is,  in¬ 
sulin  resistance  becomes  manifest. 

Taubenhaus  and  Soskin  (99)  made  carbohydrate  partitions  and  in  vitro  deter¬ 
minations  of  enzyme  activity  on  samples  of  liver  removed  from  nembutalized  dogs 
before  and  after  the  administration  of  suitable  amounts  of  diphtheria  toxin  The 
samples  obtained  after  toxin  administration  revealed  an  increased  rate  of  glyco¬ 
genolysis  despite  a  diminished  phosphorolysis.  This  indicated  a  limitation  of  the 
norma  mechanism  for  hepatic  glycogenesis  and  glycogenolysis,  with  the  appear- 
ce  of  an  abnormal  pathway  for  glycogenolysis.  The  fact  that  the  excessive  gly- 

8  a'l3°  dem°nStrated  in  a  Phosphate-poor  medium 
LrL7|  |  d  that (lt  gave  nse  ^ to  characteristic  end-products  (Table  41)  not  found  in 

toxin.  P°m  6  t0  amy  ase  actlvlty  as  the  abnormal  process  unleashed  by  the 
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PHYSIOLOGIC  ACTION  OF  INSULIN  IN  SHOCK  THERAPY  OF  THE  PSYCHOSES 

Schizophrenia  and  other  psychoses  have  been  treated  with  some  degree  of  suc¬ 
cess  by  various  forms  of  shock”  therapy,  including  the  induction  of  profound  in¬ 
sulin  hypoglycemia.  This  influence  of  insulin  has  been  attributed  by  some  authors 
to  a  beneficial  action  of  insulin  upon  the  metabolism  of  the  brain.  This  interpreta¬ 
tion  is  not  warranted. 

The  relationship  between  the  blood-sugar  level  and  the  utilization  of  carbohy¬ 
drate  by  skeletal  muscle  was  discussed  in  chapter  xiv.  A  similar  relation  between 
the  blood-sugar  level  and  utilization  of  sugar  has  also  been  shown  to  hold  for  nerve 
and  brain  tissues  in  dogs  and  in  man  (ioo,  ioi,  102).  It  will  be  recalled  that  the 
lower  plateau  in  the  S-shaped  curve  which  expresses  the  relation  of  the  blood-sugar 
level  to  utilization  of  sugar  indicates  that  the  latter  cannot  be  depressed  below  a 
certain  minimal  rate  by  any  degree  of  hypoglycemia  (chap,  xiv,  p.  151).  Marked 
hypoglycemias  may  therefore  drive  the  available  supply  of  sugar  from  the  blood, 
below  the  minimal  requirements  of  the  tissues.  Under  such  circumstances  the 
muscle  may  have  recourse  to  its  stored  glycogen  or  may  perhaps  turn  to  protein 
or  fat  as  a  source  of  energy.  It  is  generally  agreed,  however,  that  nerve  tissue  has 
little  stored  carbohydrate  and  cannot  utilize  protein  or  fat.  It  follows  that  the 
nerve  tissues  during  marked  hypoglycemia  are  unable  to  maintain  even  the  mini¬ 
mal  rate  of  metabolism  compatible  with  their  well-being.  This  explains  the  recent 
reports  that  prolonged  insulin  hypoglycemia  has  led  to  irreversible  damage  to  the 
central  nervous  system  in  experimental  animals  (103)  and  to  similar  pathologic 
changes  and  mental  deterioration  in  schizophrenic  patients  (104).  It  may  be  con¬ 
cluded  that  insulin  “shock”  therapy  has  been  well  named! 
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CHAPTER  XXIII 

COMPARATIVE  PHYSIOLOGY  OF  DIABETES 


IT  WAS  fortunate  for  the  development  of  the  science  of  metabolism  that 
Mering  and  Minkowski,  in  1890,  chose  to  depancreatize  dogs.  In  this  species 
pancreatic  diabetes  develops  acutely  and  is  characterized  by  hyperglycemia, 
glycosuria,  polyuria,  polydypsia,  ketosis,  etc.  It  bears  a  striking  resemblance  to 
diabetes  mellitus  in  man,  even  though  the  syndromes  diverge  in  several  de¬ 
tails.  The  effect  of  Mering  and  Minkowski’s  work  on  the  dog  was  to  advance  our 
knowledge  of  carbohydrate  metabolism  rapidly  by  providing  a  very  good  experi¬ 
mental  preparation. 

As  early  as  1879,  Langendorf  (1)  had  removed  the  pancreas  of  chickens  and 
pigeons.  The  operated  birds  did  not  exhibit  glycosuria,  and  they  apparently  died 
in  extreme  emaciation,  consequent  to  a  loss  of  appetite.  The  clear  relationship  be¬ 
tween  pancreatic  function  and  normal  carbohydrate  metabolism  could  not  have 
been  deduced  from  this  work  with  domesticated  birds.  In  1891  Minkowski  (2) 
confirmed  the  observations  of  Langendorf  and  extended  his  studies  on  the  effects 
of  pancreatectomy  to  several  other  species.  Since  that  time  there  have  appeared 
sporadic  studies  in  comparative  diabetes,  notably  from  the  laboratories  of  Ivy 
(3,  4,  5,  6),  Lukens  (7,  8),  Mirsky  (9,  10,  n),  and  Houssay  (12,  13). 

Table  42  summarizes  some  of  the  characteristics  of  the  syndromes  which  follow 
pancreatectomy  in  the  various  species  which  have  been  studied.  Diabetes  mellitus 
in  man  is  included  for  comparison.  It  can  be  seen  that  the  effects  of  the  removal 
of  the  gland  upon  blood  sugar,  sugar  excretion,  protein  breakdown,  ketosis,  and 
time  of  survival  vary  widely  but  not  in  any  obviously  related  fashion.  Thus,  in 
both  the  dog  and  the  cat  the  diabetic  state  is  severe,  as  judged  by  glycosuria  and 
protein  breakdown;  but  while  ketosis  in  the  cat  is  very  severe,  it  is  generally  mild 
in  the  dog.  The  depancreatized  pig  and  goat,  on  the  other  hand,  exhibit  mild  hyper¬ 
glycemia  and  glycosuria,  with  little,  if  any,  increase  of  protein  breakdown  above 
the  normal  rate.  The  goat  has  a  correspondingly  mild  ketonuria.  But  the  diabetic 
pig  develops  a  very  high  level  of  ketone  bodies  in  the  blood,  which  however 
does  not  seem  to  exert  any  effect  on  the  acid-base  balance.  The  duck  and  chicken 
develop  glycosuria  after  pancreatectomy  only  occasionally  and  transiently 
However  removal  of  the  gland  in  these  birds  produces  a  state  of  profound 

T  a>  lehad;ng  0  death  marasmus.  The  depancreatized  rabbit  shows  intense 
glycosuria  but  no  ketosis,  and  survival  without  insulin  is  almost  indefinite 

The  mechanisms  responsible  for  these  species  differences  have  not  been  eluci- 
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TABLE  42 

Species  Variation  in  the  Effects  of  Pancreatectomy 
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dated  to  date.  However,  there  are  indications  that  several  different  factors  may 
play  a  role  in  modifying  the  diabetes  of  the  various  animals.  On  the  basis  of  the  op¬ 
posing  activities  of  insulin,  on  the  one  hand,  and  the  hormones  of  the  anterior 
hypophysis,  the  adrenal  cortex,  and  the  thyroid,  on  the  other,  it  might  be  sup¬ 
posed  that  the  mild  diabetes  of  some  species  may  result  from  a  characteristic  or  in- 
bred  weakness  of  the  endocrine  opponents  of  the  pancreas.  This  seems  to  be  true 
for  the  pig,  which  exhibits  a  diabetes  similar  in  its  characteristics  to  that  of  the 
hypophysectomized-depancreatized  or  adrenalectomized-depancreatized  dog  or 
cat.  The  administration  of  anterior  pituitary  extracts  intensifies  the  diabetic  state 
of  the  pig  (7).  However,  the  hypothesis  of  variable  endocrine  balance  does  not  ac¬ 
count  for  the  modification  of  diabetes  seen  in  other  species.  Thus,  pituitary  hor¬ 
mones  do  not  induce  manifest  diabetes  in  the  depancreatized  duck  (9). 

Species  differences  after  pancreatectomy  might  also  be  due  to  variations  in  the 
relative  importance  of  factors  other  than  insulin  removed  with  the  pancreas — for 
example,  the  lipotropic  function  of  pancreatic  secretions.  This  seems  to  be  true  in 
the  case  of  monkeys.  Collip  (14)  and  Fulton  (15)  both  reported  that  pancreatec¬ 
tomy  in  the  monkey  results  in  a  mild  diabetes  resembling  that  of  the  Houssay  dog. 
However,  Mirsky  (10),  who  maintained  his  depancreatized  monkeys  on  a  diet  sup¬ 
plemented  with  pancreatin,  found  a  severe  diabetic  state  resembling  that  of  the 


cat,  and  the  ketosis  was  even  more  intense.  But  the  same  investigator  showed 
that  the  absence  of  lipotropic  factors  could  not  explain  the  failure  of  the  duck  to 
develop  diabetes.  The  inclusion  of  pancreatin  in  the  diet  of  depancreatized  ducks 
prolonged  their  survival  time  and  prevented  the  intense  weight  loss  but  did  not 
lead  to  hyperglycemia  or  glycosuria  (9).  The  a-cells  of  the  islands  of  Langerhans, 
which,  in  pancreatectomy,  are  removed  along  with  the  insulin-producing  /3-cells* 
may  also  play  an  as  yet  undiscovered  role  in  influencing  the  diabetic  syndrome! 
Alloxanized  dogs  in  which  the  a-cells  are  undisturbed,  exhibit  more  intense  glyco¬ 
suria,  less  ketosis,  and  longer  survival  without  insulin  treatment  than  do  de¬ 
pancreatized  dogs  (19). 

.  11  may  wel1  be  that  the  apparent  variation  in  the  diabetic  syndrome  of  a  par¬ 
ticular  species  may  be  due  to  the  incomplete  removal  of  insulin-producing  tissue. 
Depancreatized  rabbits  have  a  prolonged  survival  time  and  little  ketosis  (16) 
while  some  alloxanized  rabbits  (in  which  presumably  all  0-cells  are  destroyed)  ex- 

fit \were  ?.t0S1S  a  ketonemia  of  120  ms-  per  cent  (17).  Alloxanized  rats 

(18)  show  no  striking  differences  from  depancreatized  rats 

On  the  basis  of  his  observations,  Minkowski  (2)  made  the  generalization  that 

armvorous  ammals  suffer  from  a  more  intense  pancreatic  diabetes  than  do 

atd  ducksV°the  Weintraud  (20)  showed  that,  unlike  chickens,  pigeons 

also  attempted  to  change  the  response  of  the  duck  by  a  preLTary^eSofmtt 
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feeding.  No  conclusive  results  were  obtained,  although  some  of  the  meat-fed  ducks 
did  develop  a  certain  degree  of  hyperglycemia  and  glycosuria.  The  previous  die¬ 
tary  habits  of  an  animal  might  influence  the  characteristics  of  its  pancreatic  dia¬ 
betes  by  affecting  the  secretory  activity  of  certain  endocrine  glands  or  by  setting 
the  metabolic  reactions  in  the  liver  in  one  or  another  direction.  In  the  latter  con¬ 
nection  it  might  be  well  to  recall  the  observation  of  F.  G.  Young  (21)  that  the 
feeding  of  meat  or  non-protein  extracts  of  meat  increases  the  severity  of  ketosis  in 
dogs  with  metahypophyseal  diabetes. 

Whatever  the  causes  of  species  difference  in  diabetes  may  prove  to  be,  the  sub¬ 
ject  is  by  no  means  one  of  academic  interest  only.  It  has  already  been  pointed  out 
that  the  etiology  of  diabetes  mellitus  in  the  human  is  unknown  and  that  in  the 
majority  of  cases  it  is  evidently  not  due  to  pancreatic  pathology  (chap,  xxii,  p. 
265).  It  may  well  be  that  further  and  more  exact  knowledge  of  the  causes  of  species 
variation  in  the  diabetic  syndrome  could  suggest  possible  etiologic  factors  in  man. 
For  this  purpose,  further  work  comparing  alloxanized  animals  and  studies  on  the 
gluconeogenetic  response  of  various  species  to  phlorhizin  should  be  profitable. 
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CHAPTER  XXIV 


PRESENT  FRONTIERS  OF  RESEARCH  IN  METABOLISM 

ALTHOUGH  this  volume  has  dealt  primarily  with  the  metabolism  of  car- 
bohydrate,  it  has  been  necessary  to  consider  the  metabolism  of  protein 
and  fat  to  a  considerable  extent.  As  a  matter  of  fact,  the  division  of  the 
subject  of  metabolism  into  three  compartments,  related  to  the  three  major  food¬ 
stuffs,  is  largely  artificial,  depending  upon  the  limitations  of  the  authors  rather 
than  upon  any  real  separation  of  the  subject  matter.  In  the  light  of  more  recent 
knowledge  of  intermediary  metabolism,  it  seems  likely  that  we  shall  soon  cease 
to  distinguish  between  the  metabolisms  of  the  different  foodstuffs,  once  they  have 
gone  beyond  certain  stages;  for,  eventually,  all  of  them  give  rise  to  very  similar 
intermediary  products,  namely,  the  a-  and  j3-ketoacids. 

INTERRELATIONSHIPS  BETWEEN  CARBOHYDRATE 
PROTEIN,  AND  FAT  METABOLISM 

Figure  18  (p.  54)  presents  a  composite  scheme  of  the  main  pathways  connect¬ 
ing  the  metabolism  of  carbohydrate,  protein,  and  fat.  The  supporting  evidence  is 
drawn  from  in  vivo,  perfusion,  and  in  vitro  experiments  on  different  animals  and 
under  different  conditions.  No  single  animal,  organ,  or  type  of  tissue  has  been 
shown  to  be  capable  of  performing  all  the  reactions  in  the  scheme.  Indeed,  there 
is  evidence  that  certain  tissues  lack  the  ability  to  carry  on  many  of  them.  The 
scheme  therefore  applies  to  the  organism  as  a  whole;  i.e.,  a  certain  tissue  may 
carry  the  degradation  of  a  foodstuff  or  the  synthesis  of  an  intermediate  product 
to  a  given  point  and  then  pass  on  its  end-product,  by  way  of  the  blood,  to  another 
tissue  which  completes  the  process. 

If  the  tentative  scheme  shown  in  Figure  18  is  substantiated  by  future  work,  it 
will  be  possible  to  speak  of  a  “final  common  pathway”  for  all  the  foodstuffs.  The 
intermediary  metabolites  composing  the  tricarboxylic  acid  cycle  (see  chap  in) 
will  then  be  regarded  as  a  metabolic  pool  to  which  all  the  foodstuffs  contnbute 
and  from  which  they  can  be  regenerated  (amination,  CO,  fixation).  This  wi  o  - 
viate  much  of  the  former  discussion  as  to  the  interconvertibihty  of  a  particular 
foodstuff  into  another;  for  it  will  be  realized  that  none  of  them  are  interconvertible 
in  the  sense  that  the  constituent  atoms  of  one  pass  directly  and  in  a  body  into  the 
Other-  while  all  of  them  are  interconvertible,  in  the  sense  that  the  augmentation 
of  the’  pool  by  a  certain  amount  of  intermediary  material  derived  from  any  food- 
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stuff  may  displace  an  equivalent  amount  of  intermediary  substance  from  the  pool 
for  the  synthesis  of  another  foodstuff. 

It  might  be  objected  that  if  the  interchangeability  of  foodstuffs  were  as  com¬ 
plete  as  is  indicated  by  the  scheme,  it  should  be  possible  to  maintain  adequate  nu¬ 
trition  on  a  diet  composed  solely  of  any  one  of  the  foodstuffs.  But  we  know  that 
only  protein— and,  indeed,  only  certain  proteins— can  be  used  in  this  way,  and 
then  for  limited  periods  of  time  only.  The  answer  to  this  objection  lies  not  in  any 
lack  of  interconvertibility  but  in  the  fact  that  animal  metabolism  is  incomplete. 
Animals  cannot  synthesize  certain  essential  food  materials  but  must  obtain  them 
from  plant  and  mineral  sources.  These  essential  accessory  food  factors  comprise . 
(1)  the  essential  amino  acids,  (2)  the  essential  fatty  acids,  (3)  the  vitamins,  and 
(4)  the  minerals.  It  happens  that  only  a  mixed  dietary  of  natural  foods  will  con¬ 
tain  the  necessary  amounts  of  all  the  accessory  food  factors. 

SIGNIFICANCE  OF  in  I'itrO  RESULTS 

The  best  available  scheme  for  the  dynamics  of  carbohydrate  metabolism  was 
presented  in  chapter  iii.  But  it  must  be  emphasized  that,  despite  its  general  plausi¬ 
bility  and  inner  logic,  it  is  only  a  tentative  outline.  The  data  for  it  are  derived 
from  work  done  with  intact,  with  eviscerated,  and  with  hepatectomized  animals 
and  from  observations  made  after  the  removal  of  various  endocrine  glands,  etc. 
The  preparations  used  for  in  vitro  work  include  organ  slices,  minced  tissues,  and 
enzyme  extracts. 

The  various  techniques  of  in  vitro  work  have  been  invaluable  for  the  develop¬ 
ment  of  our  present  concepts  of  intermediary  metabolism,  but  they  suffer  from 
several  inherent  limitations  which  are  not  always  appreciated  or  emphasized. 
Even  tissue  slices,  in  which  there  is  presumably  the  least  physical  damage  to  in¬ 
dividual  cells,  do  not  exhibit  quite  the  same  metabolic  behavior  as  do  the  parent- 
tissues  in  vivo.  For  example,  liver  slices  cannot  be  induced  to  deposit  glycogen 
(except  rarely  and  to  an  insignificant  degree)  (1,  2,  3),  as  the  organ  so  readily 
does  in  vivo.  The  liver  slice  in  vitro  appears  to  be  exclusively  in  the  phase  of  gly- 
cogenolysis.  In  this  connection  it  may  be  pertinent  to  consider  the  fact  that  the 
intact  liver  possesses  a  dual  blood  supply,  each  supply  differing  in  rate  of  flow, 
pressure,  and  oxygen  and  C02  contents.  The  cells  of  the  liver  slice  in  vitro  must 
function  in  a  uniform  medium.  Turning  from  liver  to  brain,  we  note  that  the  high¬ 
est  in  vitro  oxygen  consumption  of  cortical  slices  is  only  from  one-third  to  one-half 
the  oxygen  consumption  of  whole  brain  in  vivo  (4,  5,6).  Obviously,  some  unknown 

factors  modify  metabolism  when  tissues  are  separated  from  their  normal  en- 
vironments. 

Mincing  of  tissues  introduces  even  more  serious  deviations.  For  example,  while 
an  intact  thin  muscle  (diaphragm  or  abdominal  muscle)  retains  its  ability  to  de¬ 
posit  glycogen  from  glucose  (7,  8,  9)  and  can  also  use  the  glucose  in  the  medium 
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for  energy  purposes,  mincing  interferes  with  the  entry  of  glucose  into  the  cells 
for  either  purpose. 

Cell-free  extracts  are  a  step  further  removed  from  normal  relationships.  The 
generally  used  muscle  extract  of  Meyerhof  (io)  contains  the  stable  systems  soluble 
in  0.6  per  cent  potassium  chloride  or  water.  The  water-insoluble  enzyme 
proteins,  such  as  myosin,  are  not  present;  and  the  creatine  phosphate  hydrolyzes 
during  the  preparation  of  the  extract.  It  is  obvious  that  the  carbohydrate  metabo¬ 
lism  of  such  an  extract  is  quantitatively  and  qualitatively  different  from  that  of 
intact  muscle.  For  example,  it  is  well  known  that  many  tissues  (e.g.,  muscle)  show 
a  greater  breakdown  of  carbohydrate  and  a  larger  formation  of  lactic  acid  during 
anoxia  than  during  adequate  oxygenation.  The  inhibitory  influence  of  oxygen  on 
the  rate  of  glycolysis  is  known  as  the  “Pasteur  effect”  (11,12).  The  exact  mecha¬ 
nism  of  this  effect  in  intact  tissues  is  not  entirely  clear.  Among  the  factors  which 
may  be  involved  are:  (a)  the  breakdown  of  organic  phosphate  during  anoxia, 
providing  excess  inorganic  phosphate,  which  would  orient  the  reactions  toward 
glycolysis  (13) ;  and  ( b )  the  fact  that  many  enzyme  proteins  involved  in  glycolysis 
are  active  in  the  -SH  state  (reduced)  and  may  therefore  be  inhibited  by  an  in¬ 
creased  oxygen  tension  (14,  15).  Whatever  its  mechanism,  the  Pasteur  effect  is 
an  important  regulatory  phenomenon  in  carbohydrate  metabolism  in  vivo — a 
mechanism  which  is  completely  lacking  in  tissue  extracts. 

From  even  these  few  considerations  it  becomes  obvious  that  extreme  caution 
is  necessary  in  applying  in  vitro  data  to  the  elucidation  of  in  vivo  metabolism.  Fur¬ 
thermore,  a  homogeneous  cell-free  enzyme  extract,  even  if  it  contained  all  the  cell 


proteins  in  their  in  vivo  proportions,  would  not  be  very  comparable  to  the  living 
cell.  In  the  latter,  heterogeneity  and  structural  separation,  etc.,  make  it  possible 
to  have  a  number  of  zones  within  a  single  cell,  each  differing  as  to  pH,  mineral 
composition,  etc.,  and  each  varying  in  metabolic  activity.  External  influences, 
both  physical  and  chemical,  may  therefore  influence  the  metabolism  of  the  cell 
by  inducing  changes  in  its  internal  structure.  For  example,  the  structural  change 
induced  in  myosin  by  the  nerve  impulse  activates  carbohydrate  breakdown  and 
alters  the  rate  of  oxygen  consumption.  The  rate  of  metabolism  is  also  influenced 
in  unknown  fashion  by  thyroid  hormone  or  by  dinitrophenol.  These  substances 
may  act  by  bringing  together  links  in  the  respiratory  chain  which,  although  al¬ 
ways  present  in  the  cell,  are  usually  separated  from  each  other  in  some  way. 

More  specifically,  Stannard  (16,  17),  Korr  (18),  and  others  (19,  20)  have  shown 
that  in  certain  tissues,  work  or  chemical  stimulation  not  only  raises  the  rate  of 
oxygen  consumption  but  alters  the  pathway  by  which  it  is  used.  The  low  oxygen 
consumption  of  these  tissues  at  rest  is  resistant  to  the  influence  of  cyanide  despite 
the  presence  of  the  cytochrome  system  on  which  the  poison  acts.  When  the  tissues 
are  stimulated,  the  oxygen  consumption  rises  and  becomes  sensitive  to  cyam  e. 
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Apparently  the  stimulus  in  some  way  links  the  idle  cytochrome  system  to  the  de¬ 
hydrogenases.  Similarly,  the  work  of  Sacks  (21,22,  23)  and  of  Flock  and  Bollman 
(24,  25)  indicates  that  the  scheme  of  phosphorylations  via  adenosine  triphosphate 
(ATP),  outlined  in  chapter  iv,  may  apply  to  muscle  at  rest  but  may  not  be  wholly 
valid  for  the  same  tissue  during  work.  Although  this  work  has  been  criticized 
(26,  27),  it  should  put  us  on  guard  against  regarding  the  presently  accepted  meta¬ 
bolic  schemes  as  either  complete  or  final. 

In  addition,  it  should  again  be  recalled  that  the  scheme  of  intermediary  carbo¬ 
hydrate  metabolism  has  been  constructed  from  data  obtained  in  different  animals 
and  tissues.  It  is  a  composite  picture,  and  not  every  tissue  or  organ  conforms  to  it. 
Thus,  the  liver  produces  very  little  lactic  acid,  and  yet  it  can  build  up  hexoses  and 
glycogen  from  lactate  (28).  For  the  liver,  therefore,  the  scheme  requires  modifica¬ 
tion  to  account  for  these  phenomena.  To  cite  another  example,  skeletal  muscle 
tissue  requires  insulin  for  good  rates  of  glycogen  synthesis  from  glucose  (7,  29).  The 
heart  and  kidney,  on  the  other  hand,  may  deposit  greater  than  normal  amounts 
of  glycogen  when  the  blood-sugar  level  is  high  but  insulin  is  absent  (30,  31). 

Taking  into  account  all  the  pitfalls  inherent  in  the  various  in  vitro  technics,  we 
may  sum  up  by  stating  that,  when  a  reaction  or  a  series  of  reactions  is  shown  to 
proceed  in  vitro,  we  can  conclude  that  these  same  reactions  can,  but  do  not  neces¬ 
sarily,  occur  in  the  living  intact  organism.  A  negative  in  vitro  result  is  wholly  in¬ 
conclusive,  since  it  may  simply  depend  upon  the  conditions  of  the  experiment.  All 
in  vitro  data  must  eventually  be  checked  in  vivo,  in  order  to  acquire  serious  sig¬ 
nificance  in  our  concepts  of  normal  metabolism.  For  this  purpose,  the  labeled 
molecule  technic  (radioactive  or  isotopic)  has  already  proved  its  usefulness  (32, 
33)-  The  intravital  staining  technique  of  Gomori  and  others  (34,  35)  and  spectro¬ 
photometry  of  living  tissues  (36,  37,  38)  also  hold  promise  for  the  future. 


THE  NATURE  OF  HORMONE  ACTION 

The  previous  discussions  concerning  the  action  of  insulin  (chap,  xvi,  p.  180) 
made  it  clear  that  glycogen  deposition  from  glucose  could  proceed  at  a  relatively 
slow  rate  in  the  complete  absence  of  the  hormone.  Apparently,  the  enzyme  sys¬ 
tems  necessary  for  the  polymerization  of  glucose  are  present  in  the  completely  de- 
pancreatized  animal,  but  the  rates  of  their  activity  can  be  markedly  enhanced  by 
insulin.  The  hormone  is,  therefore,  not  a  necessary  cell  enzyme  itself  but  a  regu- 
ator  of  rates  of  reaction.  This  point  of  view  is  supported  by  a  consideration  of  the 
amount  of  insulin  which  must  be  administered  to  restore  the  normal  metabolic 
state  in  a  depancreatized  animal.  This  has  been  shown  to  be  of  the  order  of  2307 

curred^hk  ^  “  "0  destruction  of  the  administered  insulin  oc¬ 

curred,  this  would  result  in  a  concentration  of  approximately  o  ?T  per  100  em  of 

tissue  water.  This  order  of  magnitude  is  far  lower  than  that  of  ^concentration 
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of  a  number  of  enzymes  (e.g.,  phosphorylase,  lactic  dehydrogenase,  zymohexase)  in 
the  carbohydrate  cycle.  It  is  therefore  probable  that  insulin  somehow  acts  as  a 
catalytic  agent  for  certain  tissue  enzymes  which  are  themselves  catalysts. 

It  is  probable  that  the  same  considerations  apply  to  other  protein  hormones, 
like  those  of  the  anterior  pituitary  and  the  thyroid.  Minute  quantities  of  the  pure- 
growth  factor  result  in  an  acceleration  of  syntheses  in  all  phases  of  body  economy. 
Ten  milligrams  of  thyroxin  will  raise  the  oxygen  consumption  of  a  70-kg.  man 
about  20-25  per  cent  for  a  period  of  weeks.  Hence,  we  may  also  regard  the  actions 
of  these  hormones  as  setting  into  faster  motion  processes  which  operate  relatively 
slowly  in  their  absence. 

The  family  of  steroid  hormones  derived  from  the  adrenal  cortex  and  the  gonads 
may  have  a  different  mode  of  action.  Their  molecular  size  suggests  that  they  may 
serve  as  prosthetic  groups  for  a  series  of  catalytic  proteins.  However,  not  even 
suggestive  evidence  is  available  to  formulate  a  real  hypothesis. 

As  regards  the  specific  points  of  action  of  the  hormones,  we  have  already  dealt 
with  evidence  which  has  led  us  to  conclude  that  insulin  is  concerned  with  the  rate 
of  glucose  phosphorylation  (chap,  xvi,  p.  191).  It  has  been  found  that  the  adreno- 
trophic  factor  of  the  anterior  pituitary  (via  the  cortical  steroids)  leads  to  an  in¬ 
crease  in  the  arginase  activity  of  liver  (39).  Since  arginase  is  involved  in  the  Krebs 
scheme  for  urea  production,  it  is  possible  that  this  action  of  the  cortical  steroids 
is  responsible  for  the  increased  protein  breakdown  seen  in  experimental  and  clini¬ 
cal  hyperadrenalism. 

The  livers  of  hyperthyroid  animals  have  been  reported  to  show  an  increased 
content  of  the  d-amino  acid  oxidase  protein  (40).  This  is  consistent  with  the  in¬ 
creased  deamination  and  urea  formation  seen  in  hyperthyroidism.  The  increased 
enzyme  concentration,  presumably  resulting  from  the  action  of  the  thyroid  hor¬ 
mone,  may  mean  an  actually  increased  synthesis  of  the  enzyme;  or  it  may  be  due 
to  a  slight  change  in  a  protein  already  present,  bringing  it  from  the  inactive  to  t  e 


active  state.  ,  f , 

Despite  the  evident  paucity  of  knowledge  as  to  the  mechanisms  of  hormone  ac¬ 
tions,  it  is  reasonable  to  expect  that  increasingly  better  understanding  of  biologica 
catalysis  will  bring  with  it  more  exact  knowledge  of  the  locus  and  mo  e 
crine  effects  (41,  42)* 


THE  NEWER  PHARMACOLOGY  AND  TOXICOLOGY 

The  last  decade  has  witnessed  a  gradual  confluence  of  various,  hitherto  separate, 
hioWi  a  discLines  The  pharmacologist  and  toxicologist  (as  well  as  the  b,o- 
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or  more  tissue-enzyme  systems.  Thus,  prostigmine  exerts  its  effect  by  inhibiting 
the  hydrolysis  of  acetylcholine  by  the  enzyme  cholinesterase  (43).  Benzedrine 
probably  owes  its  stimulating  action  to  its  ability  to  inhibit  the  transformation  of 
natural  amines  to  aldehydes  (44).  The  sulfa  drugs  interfere  with  ^-aminobenzoic 
acid  and  DPN  activity  in  microorganisms,  and  the  consequent  inhibition  of  me¬ 
tabolism  limits  their  further  growth  and  reproduction. 

Many  of  the  commonly  encountered  drugs  and  toxins  affect  carbohydrate 
metabolism  directly  or  indirectly.  Carbon  monoxide  and  cyanide  inhibit  the  action 
of  the  iron-containing  catalysts,  such  as  hemoglobin  and  the  cytochromes  (45). 
Thus,  all  systems  which  link  up  with  cytochromes  in  the  final  oxidative  step  are 
inhibited  by  the  action  of  these  substances.  The  heavy  metals,  such  as  arsenic, 
probably  affect  the  sulphydryl  groups  of  proteins.  Since  in  many  instances  the  re¬ 
duced  (-SH)  form  of  an  enzyme  protein  is  the  active  form,  interference  with  many 
enzymes  would  be  expected.  Among  the  -SH-active  enzymes  are  glycogen  phos- 
phorylase,  triosephosphate  dehydrogenase,  succinic  dehydrogenase,  etc. — all  con¬ 
cerned  in  intermediary  carbohydrate  metabolism  (14,  15). 

The  hypnotics  and  anesthetics  have  been  investigated  from  the  enzymatic  view¬ 
point  largely  by  Quastel  and  his  co-workers  (4,  46).  It  has  been  shown  that  the 
barbiturates  inhibit  the  oxidation  of  glucose  and  pyruvate  but  have  no  influence 
on  the  oxidation  of  succinate.  This  has  led  to  the  use  of  succinate  as  an  antidote 
for  barbiturate  poisoning  (47). 

We  are  beginning  to  explore  the  action  of  bacterial  and  animal  toxins  in  relation 
to  the  enzymatic  machinery.  For  example,  the  effects  of  snake  venom  are  attrib¬ 
utable,  in  part  at  least,  to  the  fact  that  it  contains  a  powerful  enzyme,  nucleoti¬ 
dase,  which  can  split  and  therefore  inactivate  DPN  (48).  Since  the  pyridino- 
enzymes  are  essential  for  many  steps  in  intermediary  carbohydrate  metabolism, 
serious  interference  with  their  activity  means  a  cessation  of  the  flow  of  energy  for 
vital  cell  functions,  and  hence  readily  accounts  for  the  lethal  nature  of  the  venom. 

It  seems  not  too  much  to  hope  that  further  advances  along  these  lines  will  not 
only  furnish  us  with  exact  knowledge  of  the  methods  used  by  the  natural  enemies 
of  mankind  but  suggest  new  weapons  to  cope  with  them. 
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Blood- sugar  level — continued 
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metabolic  link  with  protein  and  fat,  53,  298, 
Fig.  18 

“oxidation,”  as  calculated  from  R.Q.,  128,  152, 
Tables  17,  18,  Figs.  40,  41 
protein-sparing  action,  12,  15 
specific  dynamic  action,  158 
utilization,  by  depancreatized  animals,  149, 
184,  Figs.  44,  45 

- ,  effect  of  epinephrin,  139 

- ,  effect  of  insulin,  181,  184,  Figs.  44,  45, 


Tables  21 ,  22,  23,  24 

- ,  effect  of  thyroid,  217,  Fig.  54 

- ,  after  hepatectomy,  140,  149 

-,  by  hypophysectomized  animals,  226, 


Fig.  33 

- ,  by  phlorhizinized  animals,  149 

- ,  related  to  blood-sugar  level,  150,  Fig.  39 

■  related  to  R.Q.  calculations,  155,  Figs. 


40,  41,  Table  18 
Carbon  dioxide  assimilation,  in  animal  tissues,  33 


34 

Choline  _ 

relation  to  lipocaic,  92,  Table  10 

use  in  prevention  of  fatty  livers,  92,  1  able  10 

Coeliac  disease,  absorption  of  carbohydrate,  8 

Corticosterone;  see  Adrenal  cortex,  Steroids 

Creatine  phosphate 

energy-storage  function,  63,  Fig.  21 
energy-transfer  function,  60,  63,  Fig.  21 
method  of  determination,  82,  Table  9 
role  in  muscular  exercise,  67,  69,  71,  t  ig.  24 
in  various  tissues,  82,  Table  8 
Cysteine,  conversion  to  glucose,  Table  15 
Cystine,  conversion  to  glucose,  Table  15 
Cytochrome  oxidase,  function,  41,  Fig.  15 
Cytochromes,  electron  transfer  by,  4*,  Pig-  J5 


D:N  ratio 

critical  survey,  105,  108,  Tables  12 ,  13,  14 
definition,  94,  95,  Table  11 
after  fat  administration  in  diabetes,  14 1 
in  Houssay  dogs,  Table  37 
in  pancreatic  diabetes,  105,  Tables  it,  12,  13 
of  perfused  livers,  142,  143 
in  phlorhizin  diabetes,  108,  Table  14,  Fig.  31 
Deamination,  mechanism,  38 
Decarboxylation 
definition,  32 
non-oxidative  type,  32,  33 
oxidative  type,  32 
reactions,  table  6 
Desoxycorticosterone 

effect  on,  blood  sodium  and  potassium,  200,  201, 
Table  30 

- ,  carbohydrate  levels  of  tissues,  201, 

Table  30 

- ,  phlorhizin  diabetes,  206,  Table  32 

structure,  Fig.  30 
Dextrose  tolerance 

in  clinical  liver  dysfunctions,  273,  Figs.  72 ,  73 
diabetic,  248,  Figs.  60,  72,  73 
in  hepatectomized  animals,  250 
in  Houssay  dogs,  255,  Fig.  64 
in  hyperthyroidism,  212 
hypoglycemic  phase,  250,  Fig.  62 
in  hypophysectomized  animals,  256,  Fig.  63 
in  hypothyroidism,  212 
normal,  248,  Figs.  60,  72,  73 
relation  to  insulin  secretion,  248,  249 
relation  to  liver  function,  248,  250,  Fig.  61 
Staub-Traugott  effect,  257,  Fig.  66 
in  toxemic  liver  damage,  254,  Fig.  66 

Diabetes,  alloxan,  description,  242 
Diabetes,  comparative,  characteristics,  in  various 
species,  293,  Table  42;  see  also  Diabetes,  pan¬ 
creatic 


Diabetes,  mellitus 

compared  to  pancreatectomy,  293,  Table  42 

definition  of  syndrome,  264 

dextrose  tolerance,  248,  Figs.  60,  72,  73 

effect  of  thyroid,  2x2 

endocrines  in  relation  to,  265,  Fig.  67 

high-fat  diets  in,  268 

ketosis,  279,  Table  39 

pancreatic  pathology,  265 

treatment  of  diabetic  coma,  281,  Table  40 

Diabetes,  metahypophyseal 
method  of  production,  235 


prevention,  241 

relation  to  pancreatic  diabetes,  239,  240 
Diabetes,  metathyroid,  description,  242 
Diabetes,  pancreatic 

comparative,  in  various  species  293,  l  able  42 
comparison  with  metahypophyseal  diabetes, 

239>  240  , 

D:N  ratio  of  liver,  142 

_  a!  nrlnP  AC.  TOC.  1  CLulCS  II*  12*  13 


effect  of,  adrenalectomy,  204  .. 

_ _ t  fatty  liver  on  syndrome,  267,  tig.  00 

- ,  hepatectomy,  97.  Pig •  29 

1  010  Fro 


nepatecLuiny,  y/,  *  -y  Tnhl*  n 

-  hypophysectomy,  230,  Fig.  57,  Table  37 
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- ,  thyroidectomy,  214 

fatty  infiltration  of  liver,  91,  267,  Fig.  68, 
Table  10 

gluconeogenesis  from  fat,  141,  Table  16 

- from  protein,  133 

history,  90 

hyperglycemia  and  glycosuria,  91 
ketosis,  91,  112,  121 
non-utilization  theory,  94,  Fig.  30 
overproduction  theory,  98,  Fig.  30 
R.Q.  of  intact  animal,  96,  131,  142,  152,  I7I> 
Fig.  28 

- liver,  142 

utilization  of  carbohydrate,  149,  186,  Figs.  44, 45 
Diabetes,  phlorhizin 
blood  sugar,  Table  14 
D:N  ratio  of  urine,  108,  Table  14,  Fig.  31 
description  of  syndrome,  93 
effect  of,  adrenal  steroids,  207,  Table  32 

- ,  adrenalectomy,  204,  Table  32 

- ,  glucose,  109 

- ,  hypophysectomy,  228,  Table  36 

- ,  nephrectomy,  94,  109 

- ,  thyroidectomy,  215 

gluconeogenesis  from  protein,  133,  Table  15 
ketosis,  94,  1 21 

utilization  of  carbohydrate,  149 
Diabetes,  theories  of 
overproduction,  98,  Fig.  30 
underutilization,  94,  Fig.  30 
Diabetic  coma;  see  Diabetes  mellitus,  Ketosis 
Dicarboxylic  acids,  catalytic  properties,  43 
Diet 

normal,  22 

sources  of  carbohydrate,  Table  1 
types  of  carbohydrate,  Table  1 
Digestion 

carbohydrate  end-products,  6,  Fig.  1,  Table  1 
sites  of,  in  various  portions  of  gastro-intestinal 
tract,  6,  Fig.  1 

Diphosphopyridine  nucleotide 
coenzyme  function,  29,  Table  5 
hydrogen  transfer,  41,  Fig.  15 
structure,  Fig.  6 
Diphosphothiamine 
function,  33 
structure,  Fig.  8 

Dissimilation  of  carbohydrate,  contrasted  with 
utilization  and  “oxidation,”  148 

Energy,  metabolic 
of  calcification,  64 
chemical  bond,  58 
efficiency  of  utilization,  64 
electrical,  58,  64,  Fig.  22 
of  intestinal  absorption,  64 
liberation,  58,  Figs.  21,  22 
mechanical,  58 
of  muscle  contraction,  64 
of  nerve  conduction,  64 
of  renal  reabsorption,  64 
specificity,  59 
of  sperm  mobility,  64 
transfer,  58,  60,  Figs.  20,  21 ,  22 
utilization,  64,  Figs.  21,  22 


Enzymes 

and  cell  proteins,  27,  Table  4 
mechanism  of  action,  29,  Fig.  5 
nature,  27 

Epinephrin 

effect  on  blood  and  muscle  phosphate,  172, 
Tables,  19,  20 

- blood  sugar  after  hepatectomy,  86,  139, 

Fig.  26 

- liver  glycogen  after  hypophysectomy, 

233 

- oxidation  of  carbohydrate,  T aide  18 

Fat 

formation  from  carbohydrate,  17 
gluconeogenesis  from,  139,  140,  142,  Fig.  38, 
Table  16 

ketone  production,  114,  1x7,  Figs.  32,  33,  34,  35 
metabolic  link  with  carbohydrate  and  protein, 
53,  Fig.  18 

mobilization,  after  adrenalectomy,  204 
Flavin  coenzymes;  see  Alloxazine  nucleotides 
Fructose 

conversion  to  glucose,  21 
excretion,  21 
Fructose  diphosphate 
determination,  82,  Table  9 
in  intermediary  metabolism,  50,  Fig.  16 
F  ructose-6-phosphate 
determination,  82,  Table  9 
in  intermediary  metabolism,  50,  Fig.  16 
structure,  Fig.  16 

Fumaric  acid,  reduction  to  succinate,  Fig.  17, 
Table  5 

Galactolipins,  occurrence,  1 1 
Galactose 
occurrence,  21 
type  of  glycogen  from,  22 
Gluconeogenesis 
definition,  90 

in  diabetes,  90,  133,  139,  142,  Tables,  15,  16 
effect  of  adrenal  cortex,  204,  207,  Tables,  32,  36 

-  anterior  pituitary,  226,  228,  235,  Figs. 

56,  57,  Tables  36,  37 

- insulin,  173 

- thyroid,  214,  Tables  34,  36 

from  fatty  acids,  139,  140,  142,  Fig.  38,  Table  16 
from  protein,  133,  Table  15 

Glucoproteins,  occurrence,  1 1 
Glucose  {see  also  Blood  sugary 
arteriovenous  difference,  76 
in  blood,  75,  Table  7 
in  cerebrospinal  fluid,  Table  7 
determination,  76 
intracellular,  77 
in  plasma,  76 

reducing  properties,  75,  Fig.  25 
Glucose- 1 -phosphate 
determination,  82,  Table  9 
in  intermediary  metabolism,  ;o.  Fie  16 
structure,  Fig.  13 
transfer  of  phosphate  group,  36 
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Glucose-6-phosphate 
determination,  82,  Table  9 
effect  of  insulin  on  formation,  189,  191,  Fig.  46 
from  glucose,  Fig.  20 

in  intermediary  metabolism,  50,  Fig.  16 
structure,  Fig.  13 

Glutamic  acid 

conversion  to  glucose,  Table  15 
oxidative  deamination,  Table  5 
Glycine 

conversion  to  glucose,  135,  136,  Table  15 
creatine  formation,  136 
oxalic  acid  formation,  136 

Glycogen  ( see  also  Diabetes,  Insulin,  Liver,  Mus¬ 
cle) 

antiketogenic  action,  122,  Fig.  36 
determination,  78 
effect  of  anoxia,  78 
efficiency  as  fuel,  13,  Fig.  2 
insulin  and  liver  glycogenolysis,  1 88 
insulin  and  storage  in  liver,  170 

- muscle,  169,  180,  Fig.  43 

in  intermediary  metabolism,  50,  Fig.  16 
levels,  after  hypophysectomy,  225 
of  liver,  after  adrenalectomy,  204,  Fig.  31 

- ,  in  hyperthyroidism,  2x3,  Table  33 

- ,  in  relation  to  R.Q.,  161,  Fig.  41a 

phosphor olysis,  35,  78,  Fig.  12 

role  in  muscular  exercise,  67,  69,  Fig.  24 

stability,  in  tissues,  78,  226,  Fig.  35 

structure,  35,  Fig.  11 

synthesis,  36 

Glycolysis  ( see  also  Lactic  acid,  Pasteur  effect) 
non-phosphorylative,  53 
phosphorylative,  Fig.  16 
Glycosuria;  see  Diabetes,  Glucose 

Heart 

effect  of  hypoglycemia,  16 

effect  of  insulin  on  glycogen  content,  171 

glycogen,  Table  3 

lactate  utilization,  79 

phosphate  compounds  in  metabolism,  80,  Table  8 
Hepatectomy 

of  depancreatized  animals,  97,  Fig.  29 
effect  on  blood  sugar,  in  various  species,  86 
glucose  requirement  after,  90 
technics,  86 

Hexose  phosphate;  see  Fructose  phosphate,  Glu¬ 
cose  phosphate 

Histidine,  conversion  to  glucose,  Table  15 
Hormones 

chemical  nature,  167 
mechanisms  of  action,  167,  301 
Hydrogen  transfer,  mechanisms,  41,  Fig.  15 

Hydrolysis 

description,  40 
of  sucrose,  40,  Fig.  14 
Hydroxybutyric  acid;  see  Ketone  bodies 
Hyperadrenocorticalism,  266 
Hyperglycemia  ( see  also  Blood  sugar,  Diabetes) 
clinical  states  characterized  by,  266 
due  to  epinephrin,  139 


effect  on  insulin  secretion,  168,  241 
effect  on  islets  of  pancreas,  241 
in  pancreatic  diabetes,  91 
Hyperinsulinism,  267 
Hyperthyroidism,  266;  see  also  Thyroid 
Hypoglycemia 
after  adrenalectomy,  203 
clinical  states  characterized  by,  266,  267 
due  to  insulin,  169 
effect  on  brain,  16 

- heart,  16 

after  hepactectomy,  86 
after  hypophysectomy,  221,  225 

Hypophysectomy  ( see  also  Anterior  pituitary) 
adrenal  cortical  function,  220 
blood-sugar  levels,  221 
body  growth,  221 

effect  on  diabetes,  230,  Fig.  57,  Tables  36,  37 
effect  of  thyroid  on  blood  sugar,  214,  Fig.  52 

- N  excretion,  21s,  Fig.  33 

gonadal  function,  220 
insulin  sensitivity,  221,  233,  Table  34 
metabolic  rate,  221 
nitrogen  excretion,  221,  Table  34 
signs  and  symptoms,  220 
thyroid  function,  220 
Hypothyroidism,  267 

Insulin 

antiketogenic  action,  171 
chemical  and  physical  characteristics,  167 
CNS  and  rate  of  secretion,  168 
comparison  of  regular  and  protamine,  169,  Fig. 
42 

content,  of  pancreas,  239,  240,  242 

- and  fasting,  241 

- and  high  fat  diets,  241 

- and  hyperglycemia,  241 

- and  pituitary  extracts,  241 

- and  rate  of  secretion,  242 

definition  of  unit,  167 

dextrose  tolerance  and  rate  of  secretion,  249 
effect  on  blood  amino  acids,  174 

-  carbohydrate  utilization  by  muscles, 

181,  184,  Figs.  44,  45,  Tables  21,  22,  23,  24 

- carbohydrate  utilization  in  vitro,  188 

- liver  glycogen,  169,  188 

- muscle  glycogen,  169,  180,  193,  Figs.  43, 

47,  Table  28 

- muscle  phosphate,  172,  Tables  19,  20 

- 03  consumption,  193,  Table  27 

- protein  breakdown,  173 

- pyruvate  utilization,  188 

- R.Q.,  171,  i93>  Table  28 

- serum  phosphate,  172,  Tables  i9>  20 

glucose  phosphorylation  catalysis,  189,  191, 
Fig.  46 

ketogenic  effect,  171  _ 

rate  of  entry  of  glucose  into  tissues,  187,  1  able  25 
regulation  of  secretion,  168 
resistance,  284 

role  in  regulation  of  blood  sugar,  249,  254 
sensitivity,  after  adrenalectomy,  204 

_ f  and  adrenotrophic  hormone,  1  able  34 

- 1  after  hypophysectomy,  221,  233 
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- ,  and  sulphydryl  compounds,  234 

- ,  and  thyroxine  administration,  Fig.  58 

shock  therapy  of  psychoses,  288 

Invertase,  6 
Isocitric  acid 

in  intermediary  metabolism,  Fig.  17 
oxidation,  Table  5,  Fig.  17 
structure,  Fig.  17 

a-Ketoglutaric  acid 
decarboxylation,  Table  6 
in  intermediary  metabolism,  Fig.  17 ,  Table  3 
structure,  Fig.  17 

Ketone  bodies  ( see  also  Diabetes,  Ketosis) 
definition,  112 

effect  of  meat  extracts  on  production,  240 
intermediary  metabolism,  Fig.  18 
mechanisms  of  production,  114 

- by  acetic  acid  condensation,  1 1 7,  Fig.  33 

- by  multiple  alternate  oxidation,  114, 

Fig.  34 

- from  odd-numbered  fatty  acids,  114,  117 

7 - by  /3-oxidation,  1 14,  Figs.  32,  33 

in  metahypophyseal  diabetes,  240 

in  pancreatic  diabetes,  91,  96 

regulation  of  production,  119,  122,  Fig.  36 

site  of  origin,  112 

source  materials,  113 

utilization,  121 

Ketosis 

conditions  leading  to,  122,  278,  Table  39 
definition,  112 

due  to  disturbances  in  food  intake,  279,  Table  39 

- endocrine  dysfunction,  279,  Table  39 

- liver  dysfunction,  279,  Table  39 

relation  to  utilization  of  ketones,  121 
secondary  effects,  281 
therapy,  281,  Table  40 

Kidney 

carbohydrate  content,  Table  3 

ketone  production  and  utilization,  112,  121 

as  source  of  blood  sugar,  85 

Lactic  acid 
in  blood,  79 

converion  to  glycogen,  88 

“cycle,”  88 

determination,  79 

oxidation,  28,  29,  79,  Fig.  5 

role  in  muscular  contraction,  67,  69,  Fig.  24 

source  of,  in  blood,  79 

Lactic  dehydrogenase  (oxidase) 
mode  of  action,  28,  29,  Fig.  3 
muscle  content,  Table  4 

Lactose,  21 

Leucine,  conversion  to  ketones,  Table  15 
Lipocaic 

as  an  endocrine  secretion,  92 
relation  to  choline,  92 

role  in  prevention  of  fatty  livers,  91,  Table  10 

Lipotropic  factors,  activity  of  different  substances 
92,  Table  10 


Liver 

acetylation  of  chemical  substances,  15 
arginase,  in  relation  to  adrenal  function,  207 
blood-sugar  production,  85,  Fig.  26 
blood-sugar  regulation  in  dysfunction  259 
blood-sugar  regulation  (homeostatic  mechan¬ 
ism),  248,  250,  Fig.  61 
carbohydrate  content,  Table  3 
dextrose  tolerance  in  dysfunctions,  248,  273, 
Figs.  72,  73 

- toxemic  damage,  268,  Ftgs.  69,  70,  71 

effect  of  removal,  on  pancreatic  diabetes,  97, 
Fig.  29 

fatty  infiltration,  91,  92,  Table  10 

- ,  after  adrenalectomy,  207 

- ,  effect  on  diabetic  syndrome,  267,  Fig.  68 

gluconeogenesis  from  fat,  142,  Table  16 

- protein,  Table  15 

glycogen,  after  adrenalectomy,  204,  Table  31 

- ,  effect  of  insulin,  170,  188 

- ,  in  hyperthyroidism,  213,  Table  33 

- ,  relation  to  R.Q.,  161,  Fig.  41a 

glycogenolysis,  in  dysfunction,  285,  Figs.  74,  75 , 
Table  41 

- ,  regulation,  253,  Fig.  63 

glycuronate  formation,  14 

high  carbohydrate  diets  in  damage,  276,  Table  38 
intravenous  glucose  therapy  for  disease,  277 
ketone  formation  from  protein,  Table  13 
ketone  production,  112 
lactic  acid  utilization,  79 
phosphate  compounds,  80,  Table  8 
protective  action  of  carbohydrate,  14,  276 
regulation  of  ketogenesis,  Table  13 

Lysine,  gluconeogenesis  from,  Table  13 

Magnesium,  in  intermediary  carbohydrate  me¬ 
tabolism,  Fig.  4 

Malic  acid,  Fig.  17,  Table  3 

Muscle,  skeletal  ( see  also  Glycogen,  Insulin, 
Muscular  exercise) 
carbohydrate  content,  66,  Table  3 
phosphate  compounds,  66,  80,  82,  Table  8 
in  vitro  metabolism  of  normal  and  diabetic, 
Table  29 

Muscular  exercise 
energetics,  64 
fuel,  11,  71,  80 

glycogen  breakdown,  67,  Fig.  24 
ketosis  during,  12 

lactic  acid  production,  67,  69,  79,  Fig.  24 

nitrogen  excretion  during,  12 

role  of  adenosine  triphosphate,  67,  Fig.  24 

- creatine  phosphate,  67,  Fig.  24 

use  of  a-  and  /3-keto  acids,  71 

Myosin 

adenosinetriphosphatase  activity,  71 
concentration  in  muscle,  66 
fiber  structure,  67,  Fig.  23 
property  of  threads,  69,  71 
reaction  with  ATP,  69,  71,  Fig.  24 

Nutrition,  importance  of  carbohydrate,  3 
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Ornithine,  conversion  to  glucose,  Table  15 
Oxalacetic  acid 
decarboxylation,  Table  6 
in  intermediary  metabolism,  53,  Fig.  17 
Oxidation 

nature  of  process,  28 

R.Q.  as  a  measure  of,  142,  155,  Figs.  40,  41, 
Table  18 

relation  to  dissimilation,  148 
- utilization,  148 


Pancreas  ( see  also  Diabetes,  Insulin) 
amylase  secretion,  6 
effect  of  alloxan,  242 

- anterior  pituitary,  241 

- thyroid,  242 

islets  of  Langerhans,  91 
lipocaic,  91 

pathology  in  diabetes  mellitus,  265 
relation  to  fatty  livers,  91 

Pasteur  effect 
description,  55,  79,  300 
mechanisms,  55,  300 


Pentoses 

excretion  (pentosuria),  22 
synthesis  in  the  body,  22 
in  tissues,  n,  22 


Phenylalanine,  formation  of  ketones,  Table  15 
Pheochromocytoma,  266 
Phlorhizin  ( see  also  Diabetes,  phlorhizin) 
action  on  kidney,  94 
diabetes,  93,  108 
structure,  Fig.  27 

Phosphate  (see  also  Phosphorylation,  Adenosinetri- 
phosphate) 
acceptors,  Fig.  10 

compounds,  in  blood  and  tissues,  80,  Table  8 
determination,  80,  82 
effect  on  muscle  metabolism,  56 
energy  content  of  various  groups,  60,  Fig.  20 
influence  of  insulin  on  blood  and  tissue  levels, 
172,  Tables  19,  20 

- esterification,  195,  Fig.  49 

intramolecular  transfer,  36 
Phosphoglyceraldehyde ,  in  intermediary  metabo¬ 
lism,  51,  Fig.  16 

Phosphoglyceric  acid 

determination,  82,  Table  9 
intermediary  metabolism,  51,  Fig.  16 


Phosphohexonic  acid,  Table  5 
Phosphopyruvic  acid 

determination,  82,  Table  9 
in  intermediary  metabolism,  51,  Fig.  10 


Phosphorolysis,  of  glycogen,  35,  Figs.  12,  16 

Phosphorylation 

coenzyme,  35,  Fig.  9 

energy-transfer  function,  60,  03*  big.  20 
of  glucose,  34,  Fig-  16  , 

■ - effect  on  insulin,  189,  191,  big.  40 


Pituitary  basophilism,  266 

Proline,  conversion  to  glucose  Table  15 


Protein 

breakdown,  effect  of  adrenal  cortex,  204,  Table 
32 

- ,  effect  of  insulin,  173 

,  effect  of  salt  in  adrenal  deficiency,  208, 
Fig.  51 

- ,  effect  of  thyroid,  214,  215 

gluconeogenesis,  133,  214,  Table  15 
metabolic  link  with  carbohydrate  and  fat,  53, 
Fig.  18 
Pyruvic  acid 

in  blood,  after  glucose  administration,  79 

- ,  during  muscular  exercise,  79 

- ,  in  thiamine  deficiency,  79 

decarboxylation,  Table  6 
determination,  79 

formation  from  lactic  acid,  28,  Fig.  5,  Table  5 
in  intermediary  metabolism,  52,  53,  Fig.  17 

Red  blood  cells 

diphosphoglyceric  acid  content,  80,  Table  8 
lactic  acid  production,  79 

Respiratory  Quotient 
of  acetoacetate  oxidation,  153 
of  amino  acid  oxidation,  96,  127 
calculations,  128 

composite  nature,  128,  152,  Table  17 
definition,  96 

in  diabetes,  96,  13 1,  Fig.  28 
effect  of  anterior  pituitary,  226 

- glucose,  1 29,  Fig.  28 

- insulin,  171,  181,  Tables  21,  22 
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non-protein,  127 
of  perfused  liver,  142 
of  pyruvate  reactions,  153,  Table  17 
relation  to  carbohydrate  utilization,  155,  Figs. 
40,  41,  Table  18 

- feeding  habits,  130,  Fig.  37 
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Skin,  carbohydrate  content,  Table  3 
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Thiamine,  role  in  carbohydrate  metabolism,  18, 19, 
32,  Fig.  4 
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effect  on,  blood  sugar,  212,  125,  Fig.  52 

- ,  carbohydrate  absorption,  8,  9,  212 

- ,  carbohydrate  utilization,  217,  Fig.  54 
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- ,  nitrogen  excretion,  214,  Fig.  53 
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synergism  with  growth  hormone,  216 
Transamination,  description,  17,  40,  3 

Tricarboxylic  acid  cycle,  description,  49,  Fig.  17 
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Valine,  conversion  to  glucose,  Table  15 
Vitamins 

as  coenzymes,  19,  Fig.  4 
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influence  on  carbohydrate  absorption,  8,  9 


[PRINTED  I 
IN  U  S  A  j 


